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The	 focus	 of	 the	 present	 thesis	 is	 to	 develop	 new	 supramolecular	
architectures	based	on	host‐guest	interactions	with	potential	applications	in,	
for	 example,	 controlled	 drug	 release,	 biosensors	 or	 molecular	 electronics,	
catalysis,	etc.		
	
Chapter	 1	 is	 the	 introduction,	 which	 covers	 the	 general	 information	 on	




linked	 polymer	 (cyclodextrin	 nanosponges)	 bearing	 carboxylate	 groups	 to	
form	 a	 nanoporous	 material.	 The	 surface	 of	 the	 particles	 was	 covalently	
modified	 with	 an	 anti‐IgG	 antibody	 and	 then	 loaded	 with	 an	 enzyme	
(horseradish	 peroxidase).	 Both,	 the	 antibody	 and	 the	 enzyme	were	 tagged	
with	fluorophores	in	order	to	better	visualize	the	nanoassemblies	formation	
by	confocal	microscopy.	The	structures	of	unmodified	and	protein	modified	
nanosponge	 particles	 were	 investigated	 by	 different	 characterization	
methods.	Confocal	images	clearly	show	the	modification	of	the	surface	of	the	
particles	with	an	antibody	and	an	enzyme	encapsulated	 in	 their	 inner	part.	
The	possibility	to	use	these	modified	nanosponges	as	a	signal	enhancement	
tool	in	enzyme‐linked	colorimetric	and	electrochemical	assays	was	evaluated	
using	 a	 sandwich	 format	 comprising	 immobilized	 gliadin	 as	 an	 antigen,	 a	
target	 anti‐gliadin	 antibody	 and	 an	 anti‐IgG	 antibody	 conjugated	 to	 the	
enzyme‐loaded	nanosponge	immunoconjugates.	
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polymers	 used	 in	 Chapters	 4,	 5	 and	 6.	 The	 dextran‐based	 polymers	 were	
synthesized	from	different	combinations	of	molecular	weights	and	appended	
host	 or	 guest	 molecules	 percentages.	 Cyclodextrin‐dextran	 polymers	 were	
prepared	from	alkynyl	dextran	via	click	chemistry.	Guest‐appended	polymers	
were	prepared	in	two	ways.	To	graft	adamantane	units	the	same	strategy	as	
for	 the	 cyclodextrin	 polymers	 was	 used.	 In	 turn,	 the	 stimuli‐responsive	
polymers	 bearing	 ferrocene	 and	 azo	 groups	 were	 prepared	 by	
transesterification	of	native	dextran	with	N‐hydroxysuccinimide	esters.	Some	
of	 these	 polymers	 were	 also	 tagged	 with	 fluorophores	 in	 order	 to	 better	
visualize	 the	 nanoassemblies	 formation	 by	 confocal	 microscopy.	 For	 these	
modifications	 either	 “click“	 chemistry	 or	 transesterification	 reactions	were	
also	 used.	 These	 synthesized	 polymers	 were	 subsequently	 used	 for	 the	
formation	of	different	nanoarchitectures	presented	in	the	following	chapters.	
	
Chapter	 4	 is	 dedicated	 to	 the	 formation	 of	 a	 novel	 class	 of	 nanocapsules	
assembled	 via	 supramolecular	 interactions	 between	 specially	 designed	
complementary	polymers.	The	proposed	method	yields	well‐ordered,	stable	
and	size‐controlled	architectures	 in	short	periods	of	 time,	which	have	been	
characterized	 by	 using	 different	 methods.	 Furthermore,	 we	 show	 the	
encapsulation	properties	of	these	nanocapsules	using	fluorescent	molecules	
as	 a	 model	 system.	 Thus,	 in	 this	 chapter	 we	 demonstrate	 the	 proof‐of‐
concept	of	 the	 technology	used	 in	 the	next	chapter	 for	 the	 formation	of	 the	
supramolecularly	engineered	stimuli‐responsive	nanocapsules.	
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host‐guest	 interactions	 to	 form	 biodegradable	 nanocapsules	 with	 stimuli	
responsive	 properties.	 Redox‐responsive	 nanocapsules	 were	 fabricated	
employing	non‐covalent	 interactions	between	CD	and	 ferrocene	 (Fc)	 units	





nm.	 The	 gold	 particles	 were	 removed	 by	 chemical	 degradation	 and	 dye	
molecules	 (rhodamine	B)	were	encapsulated	 inside	 the	 carriers	 as	 a	model	
drug.	The	encapsulation	process	of	was	additionally	accelerated	by	oxidation	
step	or	by	UV‐light	of	the	nanocapsules	wall,	thus	enabling	easier	and	faster	






(carbon	nano‐onions)	 is	described.	 Small	 carbon	nano‐onions	 (6–12	 shells)	
were	 prepared	 in	 high	 yields,	 functionalized	 with	 carboxylic	 groups	 by	
chemical	 oxidation	 and	 reacted	 with	 aminated	 CDs.	 A	 biocompatibile	
dextran	 polymer	was	 employed	 for	 the	 layer‐by‐layer	 supramolecular	 self‐
assembly	 on	 the	 CD‐CNOs	 surfaces.	 CD	 acts	 as	 a	 host	 molecule	 and	
ferrocene	 as	 a	 guest	 grafted	 into	 dextran	 backbone	 (Fc‐Dex)	 allowing	 the	
formation	 of	 an	 inclusion	 complex.	 After	 their	 functionalization	 these	
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of	 the	 subsequent	 layers	 on	 the	 surface	 of	 the	 particles	was	 studied	 using	
different	methods.	Through‐space	interactions	between	the	Fc	moieties	and	
the	 CNOs	 core	 and	 the	 influence	 of	 an	 additional	 dextran‐CD	 outer	 layer	
were	measured	electrochemically.		
	
Overall,	 the	 presented	 thesis	 has	 contributed	 to	 the	 development	 of	 a	 new	
class	 of	 polymeric	 nanomaterials	 based	 on	 supramolecular	 host‐guest	
interactions.	 These	 well‐organized	 nanomaterials	 were	 prepared	 in	 a	
controlled	manner	by	simple	layer‐by‐layer	deposition	technique	in	aqueous	
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Supramolecular	 chemistry	 is	 defined	 by	 Lehn	 as	 the	 “…	 chemistry	 of	
molecular	 assemblies	 and	 of	 the	 intermolecular	 bond.”	 In	 other	 words,	
supramolecular	 chemistry	 can	 be	 explained	 as	 “chemistry	 beyond	 the	
molecule”,	 “the	 chemistry	 of	 the	 non‐covalent	 bond”,	 	 “non‐molecular	
chemistry”	or	“Lego	chemistry.”1	
Supramolecular	chemistry	as	we	understand	it	today	covers	all	the	aspects	of	
self‐assembly.	 It	 covers	 the	 design	 and	 function	 of	 molecular	 devices	 and	
molecular	 assemblies,	 non‐covalent	 polymers,	 and	 soft	 materials	 such	 as	
liquid	 crystals,	 informed	 nanoscale	 chemistry,	 and	 “bottom‐	 up”	
nanotechnology.	The	current	research	on	this	topic	is	centered	on	increasing	




science	 including	 molecular	 host–guest	 chemistry,	 solid‐state	 host–guest	
chemistry,	 crystal	 engineering	 and	 the	 understanding	 and	 control	 of	 the	
molecular	 solid	 state	 (including	 crystal	 structure	 calculation),	
supramolecular	 devices,	 self‐assembly	 and	 self‐organization,	 soft	materials,	
nanochemistry	 and	 nanotechnology,	 complex	 matter,	 and	 biological	
chemistry.2	
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discrete	 properties.	 These	 type	 of	 interactions	 form	 “supermolecules”	 or	
aggregates	 in	which	 a	 number	 of	 components	 (of	 one	 or	more	 type)	 come	








molecule	 possesses	 divergent	 binding	 sites	 such	 as	 Lewis	 acidic	 metal	
cations,	hydrogen‐bond‐accepting	halide	anion,	an	ion	pair,	or	more	complex	
molecules	with	a	shape	and	size	compatible	with	a	cavity.	The	binding	side	is	
defined	 as	 a	 region	 of	 the	 host	 or	 guest	 capable	 of	 taking	 part	 in	 a	 non‐
covalent	interaction.2,6		
All	this	information	was	concisely	summarized	by	one	of	the	founders	of	the	
field	of	 supramolecular	chemistry,	Donald	 James	Cram	and	 in	his	definition	
he	states	the	following:3	
“Complexes	are	 composed	of	 two	or	more	molecules	or	 ions	held	 together	 in	
unique	 structural	relationships	by	electrostatic	 forces	other	 than	 those	of	 full	
covalent	bonds	 ...	molecular	complexes	are	usually	held	 together	by	hydrogen	
bonding,	 by	 ion	 pairing,	 by	π‐acid	 to	π‐base	 interactions,	 by	metal‐to‐ligand	
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The	better‐known	members	 of	 the	 family	 are	α‐,	 β‐	 and	 γ‐CDs,	which	have	
six,	 seven	 and	 eight	D‐glucopyranose	 units,	 respectively.	 CDs	 are	 produced	
industrially	 by	 the	 action	 of	 a	 family	 of	 enzymes	 called	 cyclodextrin	
glucosyltransferases	 (CGTases)	on	starch.	CGTases	are	produced	by	several	
microorganisms	such	as	Bacillus	macerans	and	Bacillus	circulans	and	catalyze	
the	 cleavage	 and	 subsequent	 cyclization	 of	 linear	 α‐(1‐4)‐linked	 gluco‐
polysaccharides.	Although	a	number	of	larger	CDs	exist	it	 is	very	difficult	to	
isolate	 them	 on	 a	 commercial	 scale.	 Therefore,	 the	 production	 of	 CDs	 is	
limited	 to	 the	 three	 smaller	members	α‐,	 β‐	 and	γ‐CD.	Additionally,	no	CDs	
less	than	five	glucose	units	have	been	reported	so	far	due	to	the	ring	strain.7‐9	
All	 of	 the	 three	 types	 of	 CDs	 are	 truncated	 cone‐shaped	 molecules	 with	 a	
hollow,	 tapered	 cavity,	 which	 is	 limited	 by	 hydroxyl	 groups	 of	 a	 different	
chemical	 character.	 The	 primary	 alcohol	 groups	 C6‐OH	 are	 located	 at	 the	
narrower	 side	 of	 the	 cone	 and	 come	 from	 position	 6	 of	 the	 glucopyranose	
unit,	whereas	the	secondary	hydroxyl	groups	C2‐OH	and	C3‐OH	are	located	at	
the	wider	entrance	and	are	less	prone	to	chemical	reactions.	The	reactivity	of	
the	 hydroxyl	 groups	 strongly	 depends	 on	 the	 reaction	 conditions,	 which	
should	be	selected	carefully	in	order	to	avoid	the	substitution	of	more	groups	
than	 those	 needed	 for	 a	 particular	 purpose.	 The	 interior	 of	 the	 CD	 is	
primarily	 constituted	 of	 hydrogen	 atoms	 and	 the	 oxygen	bonds	 linking	 the	
glucopyranose	 units.	 This	 leads	 to	 a	 relative	 hydrophobic	 cavity,	while	 the	
exterior	 is	 hydrophilic	 due	 to	 the	 presence	 of	 the	 alcohol	 groups	 (Figure	
1.2).10,11	The	inner	diameter	of	the	cavity	in	unmodified	cyclodextrins	varies	
from	 5	 to	 10	 Å,	 and	 it	 is	 about	 8	 Å	 in	 depth.	 These	 dimensions	 allow	 the	
inclusion	 of	 several	 types	 of	 guest	 molecules	 of	 appropriate	 size	 to	 form	
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In	 cyclodextrin	 chemistry,	 the	 intramolecular	 interaction	 between	 CD	 and	
guest	 can	 lead	 to	 the	partial	or	 complete	penetration	of	 the	guest	molecule	
into	the	cavity	of	the	CD.	Moreover,	an	encapsulation	interaction	can	occur	if	
some	guest	molecules	only	reside	in	the	packing	interstice	of	CD.	Undeniably,	
host‐guest	 complexation	 is	 the	main	 driving	 force	 of	 inclusion	 phenomena	
between	CD	and	guest.	It	has	been	established	in	the	past	that	the	process	of	
inclusion	complexion	between	CD	and	guest	is	driven	by	electrostatic	forces,	
van	 der	 Waals	 forces,	 hydrophobic	 interactions,	 hydrogen	 bonding	 and	
release	 of	 conformational	 strain.	 It	 is	 interesting	 that	 these	 driving	 forces	
always	coexist	or	have	a	synergistic	effect.	The	relative	strength	of	each	force	
is	 usually	 related	with	 the	 guest	 type.	More	 specifically,	 the	 size	 of	 the	 CD	
cavity	and	the	nature	of	modified	groups	of	CD;	the	shape,	volume,	polarity,	
number	 and	 character	 of	 substituting	 groups	 of	 guest,	 as	 well	 as	 reaction	
medium,	 temperature,	 ionic	 strength	 and	 other	 factors	will	 affect	 the	 form	
and	 relative	 strength	 of	 these	 forces.	 CD	 molecule	 exists	 in	 the	 form	 of	 a	
hydrate	 in	 aqueous	 solution	 and	 always	 accommodates	 several	 water	
molecules	 in	 a	 disordered	 network	 using	 its	 cavity	 as	 binding	 site.	 When	
guests	are	added	into	the	system,	water	molecules	included	in	the	CD	cavity	
may	 be	 partially	 or	 completely	 excluded	 from	 the	 cavity	 by	 these	 guests.	
Hence,	in	a	few	CD	inclusion	systems	some	of	the	guests	can	be	incorporated	
in	 the	 sandwich	 structure	 formed	 by	 intermolecular	 hydrogen	 bonds	
between	 two	 CD	molecules	 or	 stay	 completely	 out	 of	 the	 cavity.	 The	 guest	
molecules	 lying	 outside	 the	 CD	 cavity	 may	 be	 able	 to	 change	 the	
spectroscopic	 properties	 of	 CD	 or	 in	 some	 cases	 the	 physical	 properties	 of	
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can	 also	 act	 as	 chaperones	 for	 enzymes,	 hence	 preventing	 their	 premature	







molecules.	 	 	 Thus,	many	 chemical	modifications	of	 cyclodextrins	have	been	
studied	to	overcome	these	limitations.		
CDs	 can	 be	 incorporated	 into	 larger	 covalently	 linked	 structures,	 such	 as	
dimers,	 trimers	 or	 even	 cyclodextrin	 polymers.16	 They	 can	 be	 prepared	 by	
cross‐linking	 the	 cyclodextrin	 rings,	 by	 polymerizing	 bifunctional	
substituents	containing	cyclodextrin	derivatives,	or	linking	cyclodextrins	to	a	
polymer	backbone.17	These	modifications	may	alter	their	solubility	or	other	
chemical	 properties	 and	 provides	 new	 opportunities	 for	 their	 future	
applications.		
In	 fact,	CD‐polymers	have	attracted	the	 interest	of	many	scientific	branches	
and	 industries.	 Improvement	 in	 the	 polymerization	 of	 CDs	 allowed	
researchers	 to	 synthesize	CD‐polymers	with	 tailored	architectures	adjusted	
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This	 type	 of	 CD‐polymers	 can	 be	 synthesized	 by	 using	 appropriate	 cross‐
linking	agents,	such	as	aldehydes,	ketones,	allyl	halides,	isocyanates,	epoxides	





are	 soluble	 and	 cross‐linked	 CD‐polymers	 become	 insoluble	 in	 water.18	
However,	some	of	these	randomly	cross‐linked	polymers	are	water‐soluble;	
for	 example,	 low	 molecular	 weight	 epichlorohydrin	 cross‐linked	 βCD	 has	
higher	aqueous	solubility	than	βCD	itself.	Therefore,	the	aqueous	solubility	of	
the	 CD‐polymers	 highly	 depends	 on	 their	 degree	 of	 cross‐linking.	 By	
controlling	 the	 reaction	 conditions,	 e.g.	 concentration	 of	 reactants,	
stoichiometry,	 reaction	 time,	 etc.	 we	 can	 obtain	 either	 water	 soluble	 or	
insoluble	CD‐polymers.11		
The	 most	 thoroughly	 studied	 cross‐linking	 agent	 for	 synthesizing	 CD‐
polymers	 is	 epichlorohydrin.	 The	 synthesis	 reaction	 of	 CDs	 with	
epichlorohydrin	 in	 alkaline	 solution	 is	 also	 very	 well	 described	 in	 the	
literature.	 The	 commercially	 available	 CD‐polymers	 with	 epichlorohydrin	
have	molecular	weights	 in	 the	range	3000‐6000	Da.	The	main	advantage	of	
the	 synthesis	 of	 this	 soluble	 polymer	 is	 that	 the	 starting	 materials	 are	
inexpensive	and	production	on	a	large	scale	is	also	possible.18	
The	 other	 type	 of	 cross‐linked	 CD‐polymers	 is	 called	 cyclodextrin	
nanosponges.	It	is	a	novel	nanostructured	material	consisting	of	hyper	cross‐
linked	 CDs.	 This	 new	 intriguing	 material	 shows	 many	 important	
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type	 of	 cyclodextrin	 Trotta	 et	 al.	 have	 been	 able	 to	 produce	 acidic	
nanosponges	with	free	carboxylic	groups,	thus	forming	cation	exchange	sites.	
The	 fact	 that	 these	 structures	 possess	 additional	 hydroxyl	 groups	 in	 their	
network	 allows	 for	 their	 even	 further	 surface	 modification.	 Therefore,	
carboxylated	nanosponges	 could	be	 also	 synthesized	by	 reacting	 carbonate	
nanosponges	with	succinic	anhydride.16	
The	 two	main	 classes	 of	 cyclodextrin	 nanosponges,	 cyclodextrin	 carbonate	
nanosponges	 and	 cyclodextrin	 carboxylate	 nanosponges	 show	 different	
physicochemical	properties.	Cyclodextrin	carboxylated	nanosponges	are	less	
chemically	 and	 thermally	 stable,	 but	 can	 swell	more	 than	30‐fold	 in	water.	
They	 also	 have	 more	 negative	 zeta	 potential	 when	 compared	 to	 the	
cyclodextrin	 carbonate	 nanosponges	 and	 can	 simultaneously	 host	 cations,	
organic	molecules	and	even	macromolecules.16	
Nanosponges	have	colloidal	sizes	with	a	mean	diameter	of	less	than	1	µm	and	
narrow	size	distribution	and	 form	opalescent	 suspensions	on	dispersion	 in	
water.	However,	 it	 is	 also	possible	 to	 synthesize	nanosponges	with	 a	mean	
diameter	in	the	range	of	200–300	nm.16	
The	 manufacturing	 process	 of	 cyclodextrin	 nanosponges	 is	 very	 flexible,	
cheap	 and	 effective.	 They	 have	 been	 proved	 to	 be	 great	 enhancers	 in	
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a	 polymeric	 wall	 encapsulating	 a	 liquid	 core.	 The	 walls	 can	 be	 made	 of	
natural	or	synthetic	polymers.	The	most	common	used	natural	polymers	are	
chitosan,	 gelatin	 or	 sodium	 alginate,	while	 examples	 of	 synthetic	 polymers	
include	 poly	 (acrylic	 acid),	 polyesters	 or	 polylactones.	 In	 contrast	 to	
liposomes,	 polymeric	 capsules	 are	 permeable	 to	 polar	 molecules	 and	 are	
much	 more	 chemically	 and	 physically	 resistant.	 Organic	 and	 inorganic	
particles,	oil	droplets	and	even	biological	cells	can	be	used	as	templates	 for	





Self‐assembly	 is	 a	 process	 that	 occurs	 due	 to	 the	 spontaneous	 and	
uninstructed	structural	reorganization	that	forms	from	a	disordered	system.	
Such	 processes	 are	 reversible	 and	 held	 together	 by	 non‐covalent	
intermolecular	 forces.	 As	 explained	 previously	 in	 first	 section,	 this	 area	 of	
study	 belonging	 to	 non‐covalent	 molecular	 interactions	 is	 referred	 to	 as	
supramolecular	chemistry,	and	it	has	important	implications	with	regards	to	
the	 formation	 of	 well‐organized	 structures.	 Self‐assembled	 surface	
monolayers	have	very	unique	properties	that	are	useful	for	the	fabrication	of	
various	devices.	 For	 instance,	 if	 the	monolayer	 is	 conductive,	 it	 results	 in	 a	
two	 dimensional	 conductive	 sheet.	 This	 concept	 can	 be	 extended	 to	 three‐
dimensional	 structures	 if	 a	 stack	 or	 a	 collection	 of	 monolayers	 can	 be	
achieved.	This	is	where	layer‐by‐layer	(LbL)	self‐assembly	plays	a	role.24	
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The	 LbL	method	 allows	 the	 construction	 of	 a	 thin	 film	 atop	 a	 substrate	 of	
almost	any	composition	or	topology	by	alternating	its	exposure	to	solutions	
containing	 species	 of	 complementary	 affinities.	 LbL	 assembly	 is	 mostly	
achieved	 by	 exploiting	 attractive	 forces	 and	 by	 alternating	 immersions,	 so	
that	 the	 multilayer	 films	 are	 attained.	 This	 method,	 initially	 developed	 to	




interactions)	 and	 finally	 host‐guest	 interactions.	 LbL	 assembly	 has	 been	
achieved	 with	 a	 large	 number	 of	 materials	 including	 polymers,	 inorganic	
particles,	 clay,	 organic	 components,	 carbon	 nanotubes,	 dendrimers,	 and	







Polyelectrolytes	are	polymers	with	 ionizable	groups.	 In	polar	 solvents	 such	
as	water,	these	groups	can	dissociate,	leaving	charges	on	polymer	chains	and	
releasing	 counter	 ions	 in	 solution.	 Examples	 of	 polyelectrolytes	 include	
polystyrene	sulfonate,	polyacrylic	and	polymethacrylic	acids	and	their	salts,	
DNA	and	other	polyacids	and	polybases.27	
Polyelectrolyte	 chains	 at	 surfaces	 and	 interfaces	 represent	 an	 example	 of	
both	two‐	and	three	dimensional	polyelectrolyte	solutions	in	which	the	local	
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polymer	 concentration	 is	 controlled	 by	 interactions	 between	 adsorbing	
substrate	and	polyelectrolyte	chains.	As	the	surface	charge	density	increases,	
the	 dilute	 solution	 of	 adsorbed	 chains	 transforms	 into	 a	 two‐dimensional	
semi	dilute	solution.	If	the	surface	charge	density	increases	even	further,	the	
chains	 in	 the	 adsorbed	 layer	 form	 a	 concentrated	 polyelectrolyte	 solution	
with	thickness	increasing	with	surface	charge	density.	The	new	and	unusual	
phenomenon	 observed	 in	 the	 adsorbed	 layers	 is	 the	 surface	 overcharging	
(overcompensation	 of	 surface	 charge)	 by	 adsorbed	 polyelectrolyte	 chains.	
The	 amount	 of	 surface	 overcharging	 can	 be	 tuned	 by	 varying	 the	 solution	
ionic	strength.	The	charge	inversion	plays	a	central	role	in	the	layer‐by‐layer	
deposition	 technique.	 This	 self‐assembly	 method	 has	 been	 introduced	 for	
fabrication	 of	 the	 molecularly	 layered	 multicomposite	 ﬁlms	 with	 a	 high	
degree	 of	 complexity.	 The	 ﬁlm	 growth	 is	 achieved	 by	 alternating	 the	
deposition	of	polyanions	and	polycations	 from	their	aqueous	solutions.	The	
simplicity	 of	 the	 electrostatic	 assembly	 technique	 with	 practically	 no	
limitations	 on	 the	 shape	 of	 charge	 bearing	 species	 allows	 fabrication	 of	
multilayer	 ﬁlms	 from	 synthetic	 polyelectrolytes,	 DNA,	 proteins,	 inorganic	
platelets,	nanoparticles,	and	viruses.27	
Polyelectrolyte	 capsules	 fabricated	 by	 layer‐by‐layer	 adsorption	 technique	




can	 be	 successfully	 removed	 to	 obtain	 hollow	 and	 stable	 capsules	 whose	
inner	cavity	and	polymer	wall	can	be	loaded	and	functionalized,	respectively,	
with	a	variety	of	substances	such	as	molecular	dyes,	drugs,	nanoparticles	and	
UNIVERSITAT ROVIRA I VIRGILI 
SUPRAMOLECULAR NANOARCHITECTURES BASED ON CYCLODEXTRIN HOST-GUEST INTERACTIONS 







































































































































































































































































































































UNIVERSITAT ROVIRA I VIRGILI 
SUPRAMOLECULAR NANOARCHITECTURES BASED ON CYCLODEXTRIN HOST-GUEST INTERACTIONS 









without	 affecting	 the	morphology	and	 stability	of	 the	multilayer	 assembled	
on	 top	 of	 it.	 The	 capsule	wall	 composition	 also	 plays	 a	 crucial	 role	 for	 the	
fabrication	 of	 functional	 capsules,	 as	 their	 permeability/porosity	 strongly	
depends	on	the	chemical	structure	and	the	molecular	weight	of	the	employed	
polyelectrolyte	 pairs.	 The	majority	 of	 polyelectrolyte	 capsules	 described	 in	
the	 literature	 are	 composed	 of	 pairs	 of	 synthetic	 anionic	 poly	 (sodium)	
styrene	 sulfonate	 and	 cationic	 poly	 (allylamine)	 hydrochloride.	 These	
multilayers	 are	 known	 to	 have	 numerous	 advantages,	 but	 for	 therapeutic	
purposes	 there	 is	 a	 special	 interest	 in	 using	more	biocompatible	materials,	
which	 are	 potentially	 biodegradable	 under	 physiological	 conditions.28	
Additionally,	polyelectrolyte	microcapsules	are	limited	to	the	building	blocks	
with	a	narrow	range	of	charged	species.	As	it	is	already	proven,	electrostatic	
interactions	 are	 generally	 strong	 enough	 to	 hold	 the	 integrity	 of	 LbL	
microcapsules,	but	 they	are	still	 susceptible	 to	high	 ionic	 strength,	extreme	
pH	 and	 strong	 polar	 organic	 solvents,	 and	 the	 properties	 of	microcapsules	
may	 thus	 become	 adverse,	 consequently	 inﬂuencing	 their	 applications.29	
Therefore,	 other	 materials	 that	 can	 be	 potentially	 more	 stable	 in	 such	




Recently,	 the	 multilayer	 hollow	 microcapsules	 based	 on	 different	 driving	
forces	 such	 as	 covalent	 bonding,	 base	 pair	 interactions,	 van	 de	 Waals	
interactions	 and	 guest–host	 interactions	 have	 been	 fabricated,	which	 show	
unique	properties.		
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swelling	 and	 shrinking	 behavior.	 With	 these	 smart	 features,	 the	
microcapsules	can	serve	as	reservoirs	for	drugs,	DNAs,	enzymes,	etc.29	
Using	cyclodextrin‐containing	polymers	became	very	attractive	approach	to	
construct	 host‐guest	 nano‐assemblies	 because	 of	 their	 excellent	
biocompatibility,	 complexation	 capacity,	 and	 chemical‐sensitivity.	 Such	
nanocarriers	may	be	advantageous	also	because	of	 the	broad	availability	of	
cyclodextrins,	 their	 ﬂexibility	 for	 structure/property	 modulation	 and	 their	
chemical‐responsive	 characteristics.	 There	 is	wide	 variety	 of	 polymers	 that	




form	 stimulus‐responsive	 assemblies.	 They	 have	 emerged	 as	 promising	
carriers	 that	may	enhance	the	therapeutic	efﬁcacy	and	minimize	many	side	
effects.	 Compared	 with	 other	 systems,	 chemical‐sensitive	 assemblies	 can	
more	 conveniently	 achieve	 their	 responsive	 function	 by	 utilizing	 the	
biological	 or	 chemical	 signals	 that	 are	 speciﬁc	 to	 cells,	 tissues,	 organs,	 or	
disease	 sites.	 Alternatively,	 the	 administration	 of	 another	 compound	 can	






be	 attributed	 to	 their	 high	 biocompatibility,	 prolonged	 circulation	 in	
bloodstream,	 broad	 payload	 spectrum	 from	 small	 molecules	 to	
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biomacromolecules,	 unique	 size	 characteristics	 for	 tissue	 permeability	 and	
passive	targeting	as	well	as	cellular	endocytosis	and	organelle	translocation,	
excellent	 formulation	 capability,	 easy	 tailoring/decoration	 for	 active	
targeting,	and	facile	control	of	cargo	release	by	the	delicate	molecular	design.	
Introducing	 the	 host	 CDs	 into	 nanocarriers	 can	 further	 enhance	 the	




The	 term	nanotechnology	was	 originated	 in	 1974	 by	 Japanese	 professor	 of	
Tokyo	University	of	Science	Norio	Taniguchi.	Since	then	nanotechnology	has	
become	 the	 fastest	 growing	 discipline	 and	 the	 shooting	 star	 in	 materials	
science	 and	 engineering.	 Its	 impact	 can	 be	 seen	 in	 everyday	products	with	
improved	or	novel	properties	and	is	widely	present	in	the	news	and	popular	
media.	 The	 field	 of	 nanotechnology	 is	 massive	 and	 is	 ranging	 from	 high‐
performance	computer	chips	and	UV‐blocking	sun	care	cosmetics	to	nature´s	
very	 own	 nanotechnology	 including	 the	 adhesion	 of	 gecko	 feet	 even	 to	
smooth	 surfaces	or	 the	 incredible	 strength	of	 spider	webs.	Thanks	 to	high‐
resolution	 characterization	 techniques	 and	 advanced	 computer	 modeling	
scientists	started	to	understand	the	bottom	line	of	the	“nano	world”	so	that	
they	 can	 exploit	 its	 unique	 phenomena	 and	 use	 material	 properties	 for	
making	nanoscale	devices.30		
Since	 the	 discovery	 of	 carbon	 nanomaterials,	 such	 as	 fullerenes,	 carbon	
nanotubes	 or	 graphene,	 carbon	 nanotechnology	 has	 gained	 significant	
attention.	Undoubtedly,	carbon	is	the	most	versatile	element	in	the	periodic	
table	 with	 a	 large	 variety	 of	 allotropes	 and	 structures	 of	 various	
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for	the	appearance	of	 life	 in	our	planet	and	it	 is	present	 in	a	 large	extent	 in	
our	body.	In	the	current	nanoscience	and	nanotechnology	revolution	that	we	
are	 watching,	 carbon	 has	 undoubtedly	 a	 prominent	 role	 and	 plays	 an	
important	role	in	our	lives.33	
As	 stated	 above	 carbon	 has	 many	 allotropes	 and	 some	 of	 them	 can	 be	
described	as	follow:	
 Nanodiamond	 is	 a	 diamond	 that	 originates	 from	 detonation.	 In	 other	
words,	 nanodiamonds	 are	 5	 nm	particles	 formed	 from	oxygen‐deficient	
explosive	mixture	of	TNT/RDX,	detonated	in	a	closed	chamber.	It	can	be	
used	 for	 the	 production	 of	 carbon	 nano	 onions	 by	 annealing	
nanodiamonds	 with	 extremely	 high	 temperatures.	 Carbon	 nano	 onions	
will	be	explained	in	more	details	in	the	next	chapter.36		
 Graphene	is	a	flat	monolayer	of	carbon	atoms	tightly	packed	into	a	two‐





fullerenes	 and	 carbon	 nanotubes	 are	 already	 very	 well	 known	 in	
comparison	 with	 other	 carbon	 allotropes.	 It	 is	 clear	 that	 the	
incorporation	 of	 these	 systems	 in	 practical	 applications	 requires	 the	
development	 of	 larger‐scale	 production	 methods,	 already	 implemented	
for	 carbon	 nanotubes.33	 Fullerenes	 are	 molecules	 where	 carbon	 atoms	
are	 arranged	 spherically	 and	 from	 the	 physical	 point	 of	 view,	 are	 zero‐
dimensional	 objects	 (0D)	with	discrete	 energy	 states.	 Fullerenes	 can	be	
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up	 graphene.34	 Among	 already	 known	 species	 of	 fullerenes,	 C60	 with	
distinctive	 symmetrical	 carbon	 cage	 structure	 have	 been	 the	 object	 of	




help	 in	 predicting	 the	 properties	 expected	 for	 these	 new	 carbonaceous	
structures	in	different	disciplines.33		
 Carbon	nanotubes	are	one‐dimensional	objects	(1D)	build	from	hexagons.	
They	 can	 be	 obtained	 by	 rolling	 graphene	 along	 a	 given	 direction	 and	
reconnecting	 the	 carbon	 bonds.	 Graphite	 is	 a	 three‐dimentional	 (3D)	




Carbon	 nano‐onions	 (CNOs)	 (Figure	 1.13)	 can	 be	 described	 as	 quasi‐
spherical	multi‐shelled	 fullerenes	often	 compared	 to	 the	Russian	dolls.	 The	
number	 of	 onion	 shells	 can	 be	 presented	 by	 the	 series:	
C60@C240@C540@C960@C1500@C60n2...,	 where	 n	 is	 the	 shell	 number.33,35	
Depending	 on	 the	 preparation	 method,	 CNOs	 are	 typically	 3	 –	 50	 nm	 in	
diameter	with	 successive	 layers	of	 graphene	around	a	hollow	or	 filled	 core	
0.7	 –	 5	 nm	 in	 diameter.	 They	 have	 high	 conductivity	 and	 relatively	 large	
speciﬁc	surface	area,	with	unique	physical	properties,	and	have	been	widely	
investigated.48		
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reported	 catalytic	 cracking	 of	 methane.48,51	 CNOs	 obtained	 by	 annealing	
carbon	 nanodiamond	 particles	 at	 high	 temperatures	 or	 by	 arcing	 between	
two	 graphite	 electrodes	 under	 water	 are	 different	 in	 terms	 of	 physical	
properties	and	chemical	reactivity.		
Only	a	few	reports	have	been	made	so	far,	regarding	the	reactivity	of	CNOs.	
According	 to	 them,	CNOs	made	by	 thermal	 annealing	of	nanodiamonds	 (N‐
CNOs)	are	more	reactive	than	CNOs	made	by	underwater	arcing	graphite	(A‐
CNOs).33,35	The	annealing	of	the	ultradispersed	nanodiamond	particles	(5	nm	
average)	 under	 vacuum	 produces	 mainly	 small	 CNOs	 with	 6–12	 shells	 (5	
nm).	The	arcing	of	graphite	under	water,	however,	leads	to	the	formation	of	
large	CNOs	with	diameters	in	the	range	of	15–25	nm	(20–30	shells).33	Other	
preparation	 methods	 described	 in	 the	 literature	 include:	 carbon‐ion	
implantation	at	high	temperature	into	copper	substrates,	thermal	treatment	
of	 laser	 pyrolysis	 carbon	 blacks	 and	 co‐sputtering,	 etc.	 However,	 most	 of	
these	 are	 rather	 low	 yield	 processes	 and	 have	 not	 been	 pursued	 further.36	
Nevertheless,	many	 research	groups	have	worked	on	 the	production	of	 the	
CNOs	 for	 studies	 of	 the	 growth	mechanism,	 yield,	 structural	 adjusting,	 and	
reduction	of	production	cost	over	the	past	years.57	Therefore,	the	annealing	
of	 nanodiamonds	 has	 been	 employed,	 for	 instance,	 by	 Echegoyen’s	 group	
with	relatively	high	yields	and	thus,	 led	to	the	further	study	of	carbon	nano	
onions	 and	 their	 physical	 properties.	 In	 this	 method	 upon	 heating	
nanodiamonds	 above	 900ºC	 their	 outer	 surface	 undergoes	 graphitization.	
However,	 this	 temperature	 is	 not	 sufficient	 to	 remove	 all	 the	 remaining	
nanodiamond	 crystals	 from	 the	 core	 of	 the	 particle.	 Therefore,	 further	
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structures.	 However,	 at	 temperatures	 of	 1500–1800ºC	 the	 existence	 of	 the	
separate	onions	becomes	energetically	 less	 favorable	 than	 the	 formation	of	
joint	graphitic	layers	of	neighboring	onions.	This	results	in	the	appearance	of	
extended	multi‐shell	graphitic	cages	with	hollow	centers	as	well	as	graphite‐	




to	 synthesize	 CNOs,	 the	 as‐prepared	 carbon	 nanomaterials	 have	 a	 lot	 of	
impurities,	such	as	amorphous	carbon,	metal	catalyst,	and	carbon	nanotubes,	
which	 greatly	 affect	 the	 systematic	 studies	 on	 their	 properties.	 Therefore,	
purification	 of	 CNOs	 would	 cast	 a	 basis	 for	 the	 study	 of	 properties	 and	
applications	of	CNOs.	Most	studies	have	been	focused	on	purification	of	CNTs	
and	fullerene	(C60).	 In	contrast,	 few	reports	can	be	found	about	purification	
and	 modification	 of	 CNOs.	 Although	 nondestructive	 physical	 and	 effective	
chemical	separation	and	purification	have	their	own	advantages,	the	optimal	
purification	method	 for	 CNOs	 seems	 to	 be	 an	 integration	 of	 both.	 Physical	
purification	 is	 carried	out	by	different	ways,	 such	as	centrifugal	 separation,	
ultrasonic	 concussion,	 and	 sublimation	 by	 virtue	 of	 difference	 in	 sizes,	
solubility	 in	 organic	 solvents	 and	 sublimation	 temperatures	 between	CNOs	
and	 impurities.	 Chemical	purification	 is	 achieved	by	 the	different	oxidation	
resistances	 between	 CNOs	 and	 impurities.57	 Xu	 et	 al.	 reported	 the	
purification	 of	 raw	 CNOs	 by	 different	 ways,	 such	 as	 a	 two‐step	 method	
including	CS2	separation	and	air	oxidization,58	HNO3	refluxing,59	and	another	
two‐step	 method	 including	 air	 oxidization	 and	 HCl	 refluxing.57	 Results	
UNIVERSITAT ROVIRA I VIRGILI 
SUPRAMOLECULAR NANOARCHITECTURES BASED ON CYCLODEXTRIN HOST-GUEST INTERACTIONS 
Ewelina Maria Wajs 
DL:T 1227-2014 











Furthermore,	 the	 pristine	 CNOs	 are	 not	 readily	 dispersed	 in	 water	 and	
organic	solvents	in	general,	and	they	tend	to	aggregate	like	carbon	nanotubes	
(CNTs)	 which	 have	 been	 solubilized	 using	 a	 variety	 of	 surfactants,	 for	
example	 polypropionylethylenimine	 co‐ethylenimine	 (PPEI–EI),52	 polyvinyl	
acetate‐co‐vinyl	 alcohol	 (PVA–VA),53	 polyvinyl	 pyrrolidone	 (PVP),54	 and	
phosphonated	 and	 sulfonated	 calixarenes.48,55,56	 Thus,	 it	 is	 also	 very	
important	 to	 improve	 their	 dissolvability	 through	 surface	 modification,	 as	
their	applications	in	many	fields,	such	as	photoelectricity,	bio‐medicine,	and	
the	 chemical	 industry,	 have	 been	 influenced	 due	 to	 their	 inert	 chemical	
property	 and	 strong	 hydrophobicity.57	 In	 the	 recent	 years	 various	
functionalization	 reactions	have	been	employed	on	CNOs,	 for	 instance:	1,3‐
dipolar	 cycloaddition	 reaction37,	 amidation	 reactions38‐39,	 [2+1]	
cycloaddition	 reactions,	 free‐radical	 addition	 reactions35,	 fluorination40,	
polymerization38,41‐42	 or	 oxidation	 of	 defects39	 mainly	 in	 order	 to	 increase	
their	extremely	poor	solubility	in	common	organic	solvents	and	in	water	but	
also	to	ease	their	physicochemical	characterization.36		
Up	 to	 date,	 there	 are	 numbers	 of	 reports	 stating	 their	 increased	 solubility	
after	surface	modifications	but	it	still	remains	the	main	issue	for	using	them	
in	a	broad	 range	of	potential	 applications.	Hence,	CNOs	are	very	promising	
materials	 for	 electronics,43‐45	 optics,46	 hyperlubricants,40	 energy	 conversion	
and	storage.37,40,41,47	
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Supramolecular	 chemistry	 has	 emerged	 as	 a	 very	 powerful	 tool	 in	 the	
construction	 of	 novel	 nanometer‐sized	 architectures	 with	 remarkable	
properties.	 The	 combination	 of	 covalent	modification	with	 a	wide	 range	 of	
non‐covalent	 interactions	allows	 the	 fine	 tuning	of	nanomaterial	properties	
and	 the	 creation	 of	 innovative	 and	 advanced	 materials	 with	 distinct	
applications.		
The	main	objective	of	this	thesis	it	to	explore	the	possibility	to	combine	the	
unique	 guest‐complexing	 properties	 of	 cyclodextrins	 with	 polymeric	
materials	to	create	novel	nanoarchitectures.		
To	achieve	this	goal,	we	have	focused	on	the	following	aspects:	
‐ The	 preparation	 of	 novel	 cyclodextrin	 nanosponge	 immunoconjugates	
able	to	encapsulate	the	enzyme	peroxidase	with	the	aim	to	apply	them	as	
signal	enhancement	tool	in	optical	and	electrochemical	bioassays.		
‐ The	 proof‐of‐concept	 of	 the	 preparation	 of	 novel	 self‐assembled	
nanoarchitechtures	 based	 on	 the	 layer‐by‐layer	 deposition	 of	
complementary	 cyclodextrin	 and	 adamantane	 appended	 polymers	 on	 a	
gold	 nanoparticle	 template	 which	 upon	 redissolution	 would	 render	
nanocapsules	with	 sufficient	 permeability	 to	 encapsulate	 low	molecular	
weight	compounds.	
‐ The	 application	 of	 the	 above‐mentioned	 concept	 in	 the	 construction	 of	
stimuli‐responsive	 nanocapsules	 by	 selecting	 polymers	 modified	 with	
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‐ The	use	 of	 supramolecular	 interactions	 to	 achieve	 stable,	water	 soluble	
preparations	 of	 carbon	 nano‐onions,	 a	 highly	 hydrophobic	 carbon	
allotrope	with	 unique	 properties,	 by	modification	 of	 these	materials	 by	
self‐assembly	 of	 complementary	 cyclodextrin	 and	 ferrocene	 appended	
polymers.		
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Cyclodextrin	 nanosponges	 bearing	 carboxylate	 groups	 have	 been	 prepared	
by	 crosslinking	 β‐cyclodextrin	 with	 pyromellitic	 dianhydride	 to	 form	 a	
carboxylic	acid	terminated	nanoporous	material.	The	surface	of	the	particles	
was	 covalently	 modified	 with	 an	 anti‐IgG	 antibody	 and	 then	 loaded	 with	
horseradish	peroxidase.	The	structures	of	unmodified	and	protein	modified	
nanosponge	particles	were	investigated	by	Raman	spectroscopy	and	imaging	
methods.	 Confocal	microscopy	 indicates	 that	 the	 antibody	 is	 located	 in	 the	
outside	 of	 the	 particle	 while	 HRP	 is	 encapsulated	 in	 the	 inner	 part.	 The	
possibility	to	use	these	modified	nanosponges	as	a	signal	enhancement	tool	
in	 enzyme‐linked	 colorimetric	 and	 electrochemical	 assays	 was	 evaluated	
using	 a	 sandwich	 format	 comprising	 immobilized	 gliadin	 as	 an	 antigen,	 a	





of	 α	 (1,4)‐linked	 D‐glucopyranose	 units	 in	 the	 4C1	 chair	 conformation.		
                                                 
1	This	chapter	has	been	published	in	E.	Wajs,	F.	Caldera,	F.	Trotta,	A.	Fragoso,	
Analyst,	2014,	139,	375.		
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Commercially	 available	 CDs	 are	 α,	 β	 and	 γ‐CD,	 with	 six,	 seven	 and	 eight	
glucopyranose	 units,	 respectively.1,2	 They	 play	 an	 important	 role	 in	
supramolecular	 chemistry	 due	 to	 their	 ability	 for	 molecular	 encapsulation	
with	 a	 wide	 range	 of	 guest	 molecules	 and	 are	 of	 high	 interest	 in	 the	
pharmaceutical	field,	biomedical	science	and	biotechnology	due	to	their	low	
price,	good	availability	and	a	large	number	of	applications	such	as	formation	
of	 nanoparticles,3	 gels,4	 drug	 carrier	 systems,5	 and	 biosensors6	 have	 been	
reported.		
In	 recent	 years,	 different	 types	 of	 CD	 polymers	 have	 been	 synthesized	
ranging	 from	 branched	 polymers	 by	 reacting	 CDs	 with	 epichlorohydrin,7		
linear	polymers	with	pending	CDs,8	or	linear	polymers	with	CDs	incorporated	
into	 its	backbone.9	A	 relatively	new	 type	of	CD‐containing	structures	called	
¨nanosponges¨	has	recently	emerged	and	take	their	name	by	their	ability	 to	
form	 a	 sponge–like	 structures	 when	 lyophilized	 and	 possess	 interesting	
properties	like	swelling	or	absorption/release	of	active	compounds.10			
These	 hyper–cross–linked	 cyclodextrins	 can	 be	 obtained	 by	 reaction	 of	 CD	
hydroxyl	 groups	 with	 an	 appropriate	 polyfunctional	 cross‐linker	 to	 form	
solid	particles	with	rather	spherical	morphology	and	a	very	high	solubilizing	
power	 over	 poorly	 soluble	 substances.	 They	 can	 host	 a	 large	 number	 of	
different	 molecules	 inside	 their	 hydrophobic	 pockets,	 while	 the	 external	
surface	 is	 solvated.	 Furthermore,	 their	 interaction	 with	 various	 drugs	 or	
enzymes	 by	 forming	 inclusion/non–inclusion	 complexes	 may	 result	 in	
enzyme	 stabilization	 and	 also	 they	 can	 act	 as	 hydrophobic	 supports	 for	
enzyme	 immobilisation,	 which	 generally	 triggers	 enzymes	 interfacial	
activation.11,12	 Nanosponges	 usually	 form	 suspensions	 as	 soon	 as	 they	 are	
dispersed	 in	 water,	 thereby	 forming	 a	 matrix–like	 structure	 in	 aqueous	
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media	 and	 allowing	 a	 free	 transfer	 of	 entrapped	molecules.13	 The	 different	
cross–linking	agents	may	dramatically	modify	important	parameters	such	as	
swelling	 capability	 and	 hydrophilicity/hydrophobicity	 balance	 of	 the	 final	
structure.	
Here	we	present	the	preparation	and	characterisation	of	novel	cyclodextrin	
nanosponge	bioconjugates	and	 their	possible	use	 in	biosensor	 applications.	
Carboxylate‐modified	 CDNS,	 prepared	 by	 crosslinking	 β‐cyclodextrin	 with	
pyromellitic	acid,	were	modified	with	an	anti‐IgG	antibody	and	then	 loaded	
with	 horseradish	 peroxidase,	 an	 enzyme	 commonly	 used	 as	 a	 label	 in	
biosensor	assays.	The	possibility	to	use	these	modified	nanosponge	as	signal	
enhancement	tool	in	enzyme‐linked	colorimetric	and	electrochemical	assays	
was	 evaluated	 using	 a	 sandwich	 format	 comprising	 immobilized	 gliadin	 as	
antigen,	 a	 target	 anti‐gliadin	 antibody	 and	 anti‐IgG	 antibody	 (labelled	with	









further	 purification.	 CDNS	 were	 prepared	 by	 crosslinling	 βCD	 and	
pyromellitic	 dianhydride	 in	 1:8	 molar	 ratio.14	 Phosphate‐buffered	 saline	
(PBS),	 1‐ethyl‐3‐(3‐dimethyl‐aminopropyl)	 carbodiimide	 hydrochloride	
(EDC),	 N‐hydroxysuccinimide	 (NHS),	 gliadin,	 rabbit	 anti‐gliadin	 polyclonal‐
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IgG‐antibody,	 anti‐rabbit	 IgG	 (whole	 molecule)–peroxidase	 antibody	
produced	 in	 goat	 (Ab‐HRP)	 and	 horseradish	 peroxidase	 were	 purchased	
from	Sigma	Aldrich.	Biotin	hydrazide	was	purchased	from	Pierce	and	dithiol	
















50	mM	phosphate	buffer	 at	pH	6.5	 and	 then	 incubated	 for	62	hours	at	4C	
under	stirring.	
The	 resulting	 solution	 was	 subsequently	 purified	 using	 Microcon®	
centrifugal	 filters	 (MW	 100	 kDa)	 and	 HRP‐loaded	 nanosponges	 were	
collected	by	inverting	the	filter	and	centrifuging	at	10000	rpm	for	2	minutes.	
The	amount	of	enzyme	was	estimated	by	absorption	at	402	nm	using	a	molar	
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extinction	 coefficient	 93500	 M‐1cm‐1	 and	 the	 immobilisation	 yield	 was	
calculated	as	the	difference	between	the	quantity	of	HRP	incubated	and	the	
quantity	of	protein	not	bonded	to	the	carrier.	
Labeling	 of	 antibody	 and	 HRP	 with	 red	 and	 green	 amine‐reactive	
fluorophores	for	confocal	imaging.	
The	 amine–reactive	 fluorophores	 (Rhodamine	 Red‐X	 for	 antibody	 and	 6‐
carboxyfluorescein	NHS	ester	for	HRP,	respectively)	were	dissolved	in	DMSO	





column	 and	 PBS	 pH	 7	 as	 eluent.	 The	 fractions	 corresponding	 to	 the	 first	
fluorescent	 band	 of	 the	 eluate	 corresponding	 to	 the	 conjugates	 were	
collected	and	used	 immediately	 for	 further	 conjugation	 to	or	encapsulation	
into	CDNS.	







JEOL	 1011	 transmission	 electron	 microscope	 operated	 at	 80	 keV.	
Micrographs	(1024	pixels	x	1024	pixels)	were	acquired	using	a	Megaview	III	
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multiscan‐CCD	camera.	 Images	were	analyzed	with	an	 iTEM	 image	analysis	
platform	 and	 the	 mean	 diameter	 was	 calculated	 measuring	 at	 least	 100	
particles	in	triplicate.		
A	drop	of	a	nanosponge	aqueous	solution	was	placed	on	a	200	mesh	copper	
grid	with	 a	 thin	 film	 of	 Formvar	 polymer	 and	 the	 excess	 of	 the	 liquid	was	
carefully	 removed,	 using	 a	 filter	 paper.	 Next,	 the	 sample	 was	 left	 at	 room	
temperature	 until	 a	 dry	 film	 was	 obtained.	 For	 negative	 staining	 of	 the	
sample,	 a	 drop	 of	 phosphotungstic	 acid	 was	 spotted	 on	 the	 prepared	 grid	
containing	 the	 sample	 and	 incubated	 for	 3‐5	 minutes,	 removed	 with	 filter	
paper	and	air	dried.		
Raman	characterization	of	modified	CDNS.	
Raman	 spectra	 of	 CDNS	were	 recorded	 at	 20ºC	 by	means	 of	 a	microprobe	
setup	(Raman	Spectroscopy,	FT‐IR.	Renishaw).	Exciting	radiation	at	785	nm	
was	focused	onto	the	sample	surface	with	a	spot	size	of	about	1	μm2	through	
a	 100×	 objective	 with	 NA	 =	 0.9.	 To	 avoid	 unwanted	 laser‐induced	
transformations,	 neutral	 filters	 of	 different	 optical	 densities	 were	 used,	
whenever	necessary.		
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HRP	 activity	 measurements	 for	 the	 free	 enzyme	 in	 solution	 and	
immobilized	on	CDNSs.		
The	peroxidase	activity	of	the	free	HRP	and	CDNS‐Ab‐HRP	were	determined	
colorimetrically	 using	 3,3’,5,5’‐tetramethylbenzidine	 (TMB)	 as	 substrate	
following	 the	 formation	 of	 3,3’,5,5’‐tetramethylbenzidine	 diimine.	 The	
resulting	diimine	causes	 the	solution	 to	develop	a	blue	color	and	 this	 color	
change	can	be	read	at	650	nm.	An	aliquot	(5	mL)	of	the	substrate	was	added	
to	a	 reaction	mixture	 containing	0.0125	M	L‐1	of	 enzyme	 in	both	 free	and	
encapsulated	forms	in	phosphate‐citrate	buffer	(pH	3‐6)	or	phosphate	buffer	
(pH	7‐9)	at	25ºC	and	the	absorbance	was	measured	with	time.		




Digested	 gliadin6b	 (10	 mg)	 was	 biotinylated	 by	 reaction	 with	 5	 mg	 biotin	





and	 incubated	 with	 50	 L	 of	 a	 target	 (anti‐gliadin	 antibody	 produced	 in	
rabbit)	 at	 different	 concentrations	 (from	 0	 g	 mL‐1	 to	 10	 g	 mL‐1)	 for	 45	
minutes	 at	 room	 temperature.	 After	 that	 time	 the	 plate	was	washed	 again	
with	PBS	buffer	at	pH	7.4	and	50	L	of	1	g	mL‐1	of	HRP	labelled	anti‐rabbit	
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Electrochemical	 measurements	 were	 performed	 on	 a	 PC	 controlled	
PGSTAT12	Autolab	potentiostat	(EcoChemie,	The	Netherlands)	with	a	built‐
in	 frequency	 response	 analyzer	 FRA2	 module	 using	 a	 standard	 three‐
electrode	configuration:	Ag/AgCl	(sat)	reference	electrode,	counter	electrode	
Pt	wire	and	a	gold	disc	2	mm	as	working	electrode.	The	electrodes	were	
first	 mechanically	 polished	 using	 polycrystalline	 diamond	 suspensions	 (3	
m,	1	m	and	0.1	m)	and	then	electrochemically	cleaned	applying	a	series	




The	 working	 electrodes	 were	 modified	 with	 a	 1	 mM	 solution	 of	 COOH‐
terminated	 dithiol17	 for	 3	 hours	 and	 rinsed	 with	 ethanol.	 The	 carboxyl	
groups	of	 the	 SAM	were	 sequentially	modified	with	 an	 aqueous	mixture	 of	
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incubated	 for	 15	minutes	 at	 room	 temperature.	 After	 rinsing	with	 PBS	 the	
electrodes	were	incubated	with	2	g	mL‐1	of	HRP	labelled	anti‐IgG	antibody	






Figure	2.1	 shows	 the	general	procedure	 for	 the	preparation	of	nanosponge	
immunoconjugates.	CDNS	bearing	free	carboxylic	acid	groups	were	obtained	
by	 cross‐linking	 βCD	 with	 pyromellitic	 dianhydride	 in	 the	 presence	 of	
ammonia.	 The	 COOH	 groups	 of	 the	 nanoparticles	 were	 then	 activated	 and	
reacted	with	an	excess	of	anti‐IgG	antibody	to	give	CDNS‐Ab.	The	amount	of	
antibody	 covalently	 linked	 to	 the	 CDNS	 was	 0.27	 g/mg.	 CDNS‐Ab	 was	
further	 loaded	with	free	HRP	by	stirring	the	nanoparticles	with	the	enzyme	
for	 three	 days	 to	 give	 CDNS‐Ab‐HRP	 having	 0.53	 g	 HRP	 per	 mg	 of	
nanosponge.		
TEM	 analysis	 of	 the	 formed	 nanoparticles	 showed	 an	 almost	 spherical	
morphology	with	 size	 ranging	 from	50‐100	nm	with	 an	 average	of	 (81	±	9	
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920	 cm‐1	which	 have	 also	 observed	 in	 the	 spectra	 of	 the	 IgG	 proteins	 and	
have	been	assigned	to	C‐C	and	CH2	vibrations.18	Another	strong	band	is	also	
observed	 at	 1416	 cm‐1	 (C=C	 tryptophan)	 as	 well	 as	 C‐H	 bands	 of	 aliphatic	







Figure	2.3.	 Raman	 spectra	of	CDNS	and	CDNS‐Ab	 conjugate	 in	dry	 state.	 Conditions:	 time	
acquisition,	 300s,	 wavelength,	 785	 nm,	 nominal	 power	 laser	 10	 mW,	 optical	 microscope	
objective	100.	
	
Confocal	 microscopy	 allows	 the	 building	 of	 three‐dimensional	
reconstructions	of	a	volume	by	assembling	a	series	of	thin	slices	taken	along	
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HRP	 drops	 rapidly	 while	 in	 the	 nanosponge	 structure	 a	 plateau	 of	 high	
activity	 is	seen	between	pH	6‐8.	Therefore,	the	microenvironment	provided	









linked	 colorimetric	 and	 electrochemical	 assays	 was	 evaluated	 using	 a	
sandwich	format	(Figure	2.6).	 In	the	colorimetric	assay,	biotinylated	gliadin	
was	 immobilized	 on	 the	 surface	 of	 streptavidin‐coated	 plates	 at	 different	
concentrations,	followed	by	incubation	with	the	target	anti‐gliadin	antibody.	
The	 sandwich	 structure	 was	 constructed	 using	 either	 CDNS‐Ab‐HRP	 or	 an	
anti‐IgG‐HRP	conjugate.		
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coating	 concentrations	 (0,	 1.5,	 3	 and	6	g/mL).	As	 can	be	 seen,	 the	 optical	





CDNS‐Ab‐HRP	 and	 Ab‐HRP	 systems,	 respectively,	 representing	 a	 3.2‐fold	
signal	enhancement	with	a	decrease	in	limit	of	detection	from	0.22	ng	mL‐1	to	
0.08	ng	mL‐1.	
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on	 the	 surface	 of	 a	 gold	 electrode	 using	 a	 COOH‐terminated	 bipodal	 ditiol	
using	 standard	 EDC/NHS	 chemistry	 (Figure	 2.8).	 The	 other	 components	 of	
the	sandwich	assay	were	similar	to	those	used	in	the	colorimetric	assay	and	
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In	 this	 paper	 we	 have	 described	 the	 preparation	 and	 characterisation	 of	
cyclodextrin	 nanosponge	 bioconjugates	 containing	 a	 model	 antibody	 and	
peroxidase.	Confocal	microscopy	indicates	that	the	antibody	is	located	in	the	
outside	of	 the	particle	while	HRP	 is	actually	encapsulated	 in	 the	 inner	part.	
CDNS	 offer	 the	 advantage	 of	 one	 step	multi‐gram	 preparation	 and	 ease	 of	
bioconjugation	in	mild	conditions	and	the	signal	amplification	obtained	in	the	
presence	of	CDNS‐Ab‐HRP	indicates	that	this	type	of	nanobioconjugates	are	
promising	 candidates	 in	 the	development	of	 ultrasensitive	biosensors.	 This	
signal	 enhancement	 is	 lower	 compared	 to	 similar	 results	 recently	 reported	
by	our	group	using	peroxidase‐encapsulated	 liposomes,19	where	a	 factor	of	
~10	was	obtained,	although	in	our	case,	the	assay	has	not	been	optimized	in	
terms	 of	 incubation	 times	 or	 concentration	 of	 detecting	 conjugate.	 On	 the	
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between	 HRP	 and	 IgG	 which	 leads	 to	 a	 compartmentalization	 of	 the	 two	
proteins	 into	 the	 nanosponge,	 hindering	 in	 part	 the	 access	 of	 the	 enzyme	
substrate	 and	 thus	 partially	 decreasing	 the	 analytical	 performance	 of	 the	
assay.	This	could	be	solved	by	using	smaller	CDNS	particles	or	decreasing	the	










4. V.	 Wintgens,	 S.	 Daoud‐Mahammed,	 R.	 Gref,	 L.	 Bouteiller,	 and	 C.	 Amiel,	
Biomacromolecules,	2008,	5,	1434.	
5. H.	 Gonzales,	 S.	 J.	 Hwang,	 and	M.	 E.	 Davis,	Bioconjugate	Chem.	1999,	10,	
1068.	
6. a)	 M.	 Ortiz,	 E.	 M.	 Wajs,	 A.	 Fragoso,	 and	 C.	 K.	 O'Sullivan,	 Chem.	 Comm.,	




UNIVERSITAT ROVIRA I VIRGILI 
SUPRAMOLECULAR NANOARCHITECTURES BASED ON CYCLODEXTRIN HOST-GUEST INTERACTIONS 









9. H.	Gonzales,	 S.	 J.	Hwang,	 and	M.	E.	Davis,	Bioconjugate	Chem.,	1999,	10,	
1068.	
10. a)	A.	Mele,	F.	Castiglione,	L.	Malpezzi	F.	Ganazzoli,	G.	Raffaini,	F.	Trotta,	B.	
















16. G.	 Gilardi,	 F.	 Trotta,	 R.	 Cavalli,	 P.	 Ferruti,	 E.	 Ranucci,	 G.	 Di	Nardo,,	 C.	M.	
Roggero,	and	V.	Tumiatti,	WO	Patent	149883A.,	2009.	





UNIVERSITAT ROVIRA I VIRGILI 
SUPRAMOLECULAR NANOARCHITECTURES BASED ON CYCLODEXTRIN HOST-GUEST INTERACTIONS 
Ewelina Maria Wajs 
DL:T 1227-2014 













In	 this	 section,	 results	 of	 syntheses	 of	 different	 dextran	 based	 host‐guest	
polymers	are	described.	The	dextran	based	polymers	were	synthesized	from	
different	 combinations	 of	 molecular	 weights	 and	 appended	 host	 or	 guest	
molecules	percentages.	Cyclodextrin‐dextran	polymers	were	prepared	 from	
alkynyl	 dextran	 via	 click	 chemistry.	 Guest‐appended	 polymers	 were	
prepared	in	two	ways.	To	graft	adamantane	units	the	same	strategy	as	for	the	
cyclodextrin	 polymers	 was	 followed.	 In	 turn,	 the	 stimuli‐responsive	
polymers	 bearing	 ferrocene	 and	 azo	 groups	 were	 prepared	 by	
transesterification	of	native	dextran	with	N‐hydroxysuccinimide	esters.	Some	
of	 these	 polymers	 were	 also	 tagged	 with	 fluorophores	 in	 order	 to	 better	
visualize	 the	 nanoassemblies	 formation	 by	 confocal	 microscopy.	 For	 these	
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heterogeneous	 reactions	 of	 the	 polymer	 suspended	 in	 pyridine	 using	 the	
carboxylic	acid	anhydride.	For	longer	chain	substituents,	the	carboxylic	acid	
or	 their	 anhydrides	 are	 converted	 in	 situ	 in	 reactive	 mixtures	 of	 mixed	
chloroacetyl	or	trifluoroacetyl	anhydrides.	On	the	other	hand,	homogeneous	
acylation	 reactions	 between	 dextran	 and	 an	 acyl	 halide	 or	 anhydride	 in	
DMF/LiCl	 has	 also	 been	 accomplished	 due	 to	 the	 solubility	 of	 the	
polysaccharide	 in	 this	 mixture.	 This	 latter	 reaction	 is	 preferred	 for	 less	
reactive	or	bulky	electrophiles.		
Alkylation	of	dextran	is	one	of	the	most	studied	and	versatile	reactions.	It	has	
been	 carried	 out	 in	 the	 past	 by	 treatment	 of	 dextran	with	 alkyl	 halides	 or	
epoxides	in	the	presence	of	a	base.	When	the	side	chain	of	the	alkyl	halide	is	a	
linear	 hydrocarbon	 (methyl,	 ethyl,	 octyl,	 benzoyl,	 etc.)	 the	 result	 is	 an	






complementary	 cyclodextrin	 and	 guest‐appended	 polymers,	 the	 synthesis	
routes	have	been	 adapted	 to	produce	 the	 target	polymers	 in	bulk	 amounts	
and	 simplify	 the	 preparation	 as	much	 as	 possible	 (Figure	 3.2).	 In	 order	 to	
connect	 the	 substituents	 to	 the	 dextran	 backbone	 in	 controlled	 manner	
different	functional	groups	needed	first	to	be	introduced	on	both	dextran	and	
the	 pendant	 group.	 The	 dextran	 based	 polymers	 were	 synthesized	 from	
different	 combinations	 of	 molecular	 weights	 and	 appended	 host	 or	 guest	
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further	 purification.	 1‐ethyl‐3‐(3‐dimethyl‐aminopropyl)	 carbodiimide	
hydrochloride	 (EDC),	 N‐hydroxysuccinimide	 (NHS),	 ferrocene	 carboxylic	
acid,	 (E)‐4‐((dimethylamino)phenyl)diazenyl)	 benzoic	 acid,	 2‐propanol,	
dioxane,	 DMF,	 N,N‐isopropylethylamine	 99%,	 amberlite	 GT73	 resin,	
epichlorohydrin,	DMAP,	LiCl,	Methyl	4‐aminobenzoate,	4‐(tert‐butyl)aniline,	
1‐amino‐11‐azido‐3,6,9‐trioxaundecane,	 Rhodamine	 B	 and	 5(6)‐
Carboxyfluorescein	N‐hydroxysuccinimide	ester	were	purchased	from	Sigma	
Aldrich.	 L	 (+)‐ascorbic	 acid	 sodium	 salt	 99%	 (NaAsc),	 copper	 (II)	 sulphate	
99%,	dichloromethane	and	glycidyl	propargyl	ether	90%	were	from	Fluka.	,	
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Azo‐Dex:	 1H‐NMR	 (DMSO‐d6):	 	 (ppm)	 1.3	 (s,	 9H,	 ‐C(CH3)3),	 3.0‐4.0	 (m,	





















































at	 115°C	 in	 vacuum	 overnight)	 was	 added	 and	 stirred	 until	 complete	
dissolution.	 Subsequently,	 DMAP	 (0.8	 mmol)	 and	 carboxyfluorescein‐NHS	
ester	(0.2	mmol)	were	added,	the	temperature	was	increased	to	90ºC	and	the	
reaction	continued	 for	 the	next	2	hours	with	continuous	stirring.	After	 two	
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This	polymer	was	prepared	by	essentially	 the	same	procedure	used	 for	 the	
preparation	of	ADA‐dextran,	except	that	Rh‐N3	(0.005	mmol)	was	also	added	




In	 this	 work,	 dextran	 was	 selected	 as	 backbone	 for	 the	 attachment	 of	
complementary	 host‐guest	 units	 due	 to	 its	 hydrophilicity	 and	
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8	 19	 5	 16	
11	 25	 8	 20	













Dextran Ada	 Azo Fc CD	 CD	
10	kDa	
4	 2	 3	 23	 19	
6	 3	 9	 29	 24	
10	 6	 15 ‐	 ‐	
40	kDa	
7	 1	 6	 19	 18	
9	 2	 9	 23	 25	
11	 10	 10 ‐	 ‐	
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Figure	 3.3	 shows	 the	 1H‐NMR	 spectra	 of	 dextran‐GP	 (DS	 0.20)	 and	 the	
corresponding	dextran‐CD	 in	D2O.	The	main	distinct	 feature	of	 the	proton	
spectrum	of	 dextran‐GP	 is	 the	 presence	 of	 two	 signals	 at	 3.0	 and	 4.4	 ppm,	
corresponding	to	the	methine	and	methylene	protons	of	the	propargyl	group.	
The	 integration	 ratio	 of	 any	 if	 these	 protons	with	 respect	 to	 the	 anomeric	
signal	 of	 the	 dextran	 glucose	 units	 (at	 5.1	 ppm)	 gave	 the	 degree	 of	
substitution	 of	 the	 polymer	 (0.20	 in	 the	 example	 of	 Figure	 3.3a).	 After	
reaction	 of	 this	 polymer	with	CD	mono‐azide	 the	 signals	 disappear	 and	 a	




of	 the	substituted	glucose	 ring	 in	CD	can	be	observed	at	3.0	and	3.3	ppm.	
The	degree	of	substitution	was	calculated	by	the	relationship	1.1/5.7	=	0.19	
where	 1.1	 is	 the	 integral	 of	 the	 triazol	 proton	 and	 5.7	 comes	 from	 the	
difference	 12.7‐7	 (subtracting	 the	 contribution	 of	 the	 seven	 anomeric	
protons	 of	 CD	 to	 the	 overall	 anomeric	 integral).	 As	 can	 be	 seen,	 the	 DS	
values	 of	 both	 dextran‐GP	 and	 dextran‐CD	 match	 very	 well	 indicating	 a	
quantitative	alkyne‐azide	reaction.		
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In	 this	 chapter	 we	 report	 the	 formation	 of	 a	 novel	 class	 of	 nanocapsules	
assembled	 via	 supramolecular	 interactions	 between	 specially	 designed	
complementary	polymers.	The	proposed	method	yields	well‐ordered,	stable	
and	size‐controlled	architectures	 in	short	periods	of	 time,	which	have	been	









nanoparticles	 to	 create	 nano‐	 or	micro‐	 capsules	with	well‐controlled	 shell	
composition	and	thickness.	The	main	drawback	of	using	polyelectrolytes	for	
the	capsules	formation	or	surface	deposition	is	their	high	dependence	on	the	
pH	 and	 ionic	 strength	 of	 the	 surroundings	which	 usually	 leads	 to	 polymer	
detachment	from	the	surface	or	capsule	walls	or	induce	particle	aggregation.		
One	 alternative	 to	 polyelectrolyte	 deposition	 is	 the	 use	 of	 complementary	
polymers	 bearing	 host	 and	 guest	 moieties	 able	 to	 form	 supramolecular	
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aggregates.	 One	 of	 the	 most	 popular	 host/guest	 pairs	 is	 formed	 by	 ‐
cyclodextrin	 (CD)	 and	 adamantane	 (ADA),	 which	 form	 a	 very	 strong	
inclusion	 complex	 with	 K	 ~	 106‐107	 M‐1.	 In	 recent	 years,	 many	 Ada/CD	
based	self‐assembling	polymeric	systems	have	been	developed.	For	instance,	
Li	at	al.	synthesized	two	complementary	polymers	by	grafting	either	mono‐6‐






network	 formation.2	Natural	polysaccharides	 such	as	hyaluronic	acid3‐5	 and	
chitosan6‐8	 as	 well	 as	 thermoresponsive	 dendrimer‐like	 star	 copolymers9	
with	 pendant	 ADA	 and	 CD	 units	 have	 also	 been	 reported	 to	 yield	 self‐
assembling	structures.4,9,10		
Nanocapsules	 are	 considered	 one	 of	 the	 most	 important	 polymeric	 self‐
assembled	systems	for	drug	delivery,	diagnostics,	and	sensing.11‐13	The	most	
common	 approach	 for	 nanocapsule	 preparation	 based	 on	 ADA‐CD	
interactions	 is	 the	 mixing	 of	 solutions	 containing	 complementary	
polymers.14‐16	Jiang	and	co‐workers	have	prepared	stable	polymeric	micelles	
and	submicrometer	size	hollow	spheres	by	adding	a	large	volume	of	water	to	
a	 mixed	 solution	 of	 ADA‐derivatized	 poly‐	 (tert‐butyl	 acrylate‐co‐
hydroxyethyl	 acrylate)	 as	 hydrophobic	 polymer	 and	 CD‐mofified	 poly‐
(glycidylmethacrylate)	 in	 DMF.14	 Using	 a	 similar	 approach,	 the	 same	
researchers	described	the	formation	of	multicore	or	core‐shell	architectures	
from	 ADA‐end‐capped	 poly	 (ε‐caprolactone)	 and	 polyvinylpyrrolidone‐
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dextran‐grafted‐CD	 and	 poly‐	 (aspartic‐grafted‐ADA)	 assembled	 around	 a	
CaCO3	 core	 containing	 rhodamine	 B	 (RhB).	 After	 removing	 the	 core	 with	






permeability	 to	 encapsulate	 small	 molecules	 such	 as	 fluorophores	 (Figure	
4.1).	Gold	nanoparticles	were	chosen	to	serve	as	templates	for	the	alternating	
deposition	 of	 ADA	 and	 βCD	 containing	 polymer	 layers	 (Figure	 4.2).	
Commercially	available	gold	colloids	 (100	and	400	nm)	were	 first	wrapped	
with	a	thiolated	‐cyclodextrin	polymer	(CDPSH)19	that	acts	as	a	first	support	
layer	 for	 the	 nanocapsule	 formation.	 This	 type	 of	 Au/CDPSH	 modified	
particles	has	already	been	proven	to	support	ADA‐modified	enzymes.20	Next,	
complementary	 layers	 of	 polymers	 2a	 and	 1a	 were	 deposited	 in	 an	
alternating	 way	 using	 the	 strong	 host‐guest	 interaction	 between	 ADA	 and	
βCD	as	 a	driving	 force.	The	 capsules	were	 then	 formed	by	 core	dissolution	
using	iodine.	
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nanocapsules	 were	 determined	 by	 dynamic	 light	 scattering	 (DLS)	 using	 a	
Zetasizer	 Nano	 ZS	 (Model	 ZEN3500)	 from	 Malvern	 Instrument	 equipped	
with	 a	 He–Ne	 laser	 (=633	 nm,	 scattering	 angle	 173º).	 Each	 sample	 was	






Confocal	 images	 were	 obtained	 using	 a	 NIKON	 Eclipse,	 model	 TE2000‐E	
(Hamamatsu	 digital	 camera	 C8484)	 confocal	 microscope,	 having	 an	 oil	
objective	100x	with	NA	=	1.4.	Photographs	were	taken	using	zeta	stack	(the	
step	 size	 of	 0.05	mm)	 and	 lambda	mode	with	 two	 channels	 at	 488	 nm	 (Ar	
laser,	blue)	and	at	543	nm	(He–Ne	laser,	green).	
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The	 elemental	 analysis	 by	 X‐Ray	 fluorescence	 and	 SEM	 images	 were	
performed	in	a	scanning	electron	microscope	JEOL	model	JSM‐6400.	
Preparation	of	self‐assembled	nanocapsules	
In	 the	 initial	 step,	 an	 aqueous	 suspension	 of	 gold	 nanoparticles	 (1	 mL,	 at	
different	sizes	100	nm	and	400	nm)	was	added	to	the	aqueous	solution	of	the	
CDPSH	 polymer	 (1	 mg/mL).	 The	 reaction	 mixture	 was	 then	 vortexed	
immediately	 and	 incubated	 at	 4°C	 overnight,	 followed	 by	 centrifugation	 at	




another	 8	 hours.	 The	 reaction	mixture	was	 then	 purified	 by	 centrifugation	







deposition	of	 the	polymer	 layers	 onto	100	 and	400	nm	gold	nanoparticles.	
For	the	100	nm	Au	nanoparticles	deposition	of	CDPSH	initially	increased	the	
particle	sizes	in	about	50	nm.	Next,	up	to	four	2a/1a	 layers	were	deposited	
on	 this	 template	 in	 aqueous	 medium.	 Interestingly,	 after	 each	 step	 of	
attachment	of	2a,	the	particles	either	contracted	or	only	slightly	increased	in	
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size.	 This	 effect	 can	 be	 explained	 considering	 the	 occurrence	 of	 a	 surface	
reordering	of	the	polymer	structures	with	a	partial	fusion	or	interlocking	of	
the	 layers	 induced	 by	 the	 very	 strong	 and	 stable	 interaction	 between	ADA	
and	CD.	In	addition,	after	each	deposition	of	2a	the	outer	layer	becomes	less	
hydrophilic	and	can	thus	repel	water,	which	also	influences	the	value	of	the	
hydrodynamic	particle	 size.	 In	 a	 control	 experiment,	 the	deposition	of	CD	
modified	polymer	1c	caused	a	negligible	increase	in	particle	size	(Figure	4.3),	
which	is	expected	considering	that	the	adamantane	moiety	does	not	fit	in	the	
CD	cavity.	This	 indicates	 that	 specific	host‐guest	 interactions	between	 the	
CD	 cavities	 and	 adamantane	 are	 the	main	 driving	 force	 for	 the	 observed	
particle	growth.	A	similar	size	 increase	 trend	was	observed	 for	 the	400	nm	
particles	indicating	that	the	method	can	also	be	applied	to	larger	particles.		
	
Figure	4.3.	 Average	 hydrodynamic	 particle	 size	 as	 a	 function	 of	 the	 number	 of	 deposited	
polymer	 layers	 onto	 100	 nm	 (●)	 and	 400	 nm	 (■)	 gold	 nanoparticles.	 The	 open	 symbols	
correspond	to	the	deposition	of	CD	polymer	1c.	
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The	 encapsulation	 ability	 of	 the	 synthesized	 polymeric	 nanocapsules	 was	
tested	by	diffusion	of	free	carboxyfluorescein	through	the	polymer	layers	of	
nanocapsules	 consisting	 of	 three	 polymer	 layers	 (CDPSH/2b/1b).	 The	
encapsulation	 stage	 was	 monitored	 by	 confocal	 imaging	 and	 fluorescence	
measurements	 (Figure	 4.8),	 where	 carboxyfluorescein	 (green)	 filled	 in	 the	
empty	 space	 of	 the	 nanocapsules.	 Some	 of	 the	 dye	 molecules	 gradually	
accumulated	 in	 the	 walls	 of	 the	 capsule.21,22	 In	 fact,	 the	 inner	 cyclodextrin	
polymer	surface	of	the	hollow	nanospheres	has	some	hydrophobic	character	
owing	 to	 the	 disulfide	 bonds	 after	 gold	 core	 removal	 so	 that	 it	 can	
accommodate	a	hydrophobic	guests.	Moreover,	we	could	speculate	 that	 the	
remaining	 “empty”	 CD	 hosts	 may	 not	 only	 play	 an	 important	 role	 in	
significantly	 enhancing	 solubility	 of	 encapsulated	molecules	 but	 also	 could	
protect	 and	 allow	 their	 release	 in	 a	 more	 controlled	 manner.	 Figure	 4.9	
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Although	 the	 proposed	 method	 for	 nanocapsule	 formation	 requires	 a	
template	 and	 the	 additional	 step	 of	 core	 removal,	 it	 is	 simple	 and	 can	 be	
performed	 in	 a	 simple	 medium	 like	 water	 where	 there	 is	 no	 need	 for	 the	
addition	of	any	other	solvents	or	stabilizing	agents.	 In	 fact,	 the	requirement	
for	 use	 of	 the	 templates	 has	 its	 advantage	 over	 the	 size	 control	 and	
uniformity	 of	 the	 created	 capsules,	 which	 could	 range	 from	 nano‐	 to	
microscale.	 Additionally,	 the	 composition	 of	 the	 capsules	 also	 plays	 a	 very	
important	 role	 in	 their	 programmable	 properties.	 Therefore,	 the	 proposed	
model	of	 the	bio‐friendly	polymeric	nanocapsules	 could	be	used	 in	a	broad	
range	 of	 applications,	 such	 as	 encapsulation	 and	 release	 of	 sensitive	
macromolecules	 (enzymes,	proteins,	DNA),	or	 in	 the	cosmetic	 industry.	The	
possibility	of	 the	modification	of	 the	outside	polymeric	 layer	(CD‐dextran)	
with,	 for	 example,	 biomolecular	 receptors	 could	 also	 be	 used	 for	 targeted	
drug	 delivery	 or	 in	 biosensing	 applications.	 It	 is	 also	 evident	 that	 this	
approach	 is	not	 limited	only	 to	adamantane	polymers.	Other	 types	of	 guest	
molecules	 with	 specific	 properties	 such	 as	 ferrocene	 or	 azo‐compounds,	
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The	 supramolecular	 self‐assembly	 of	 materials	 through	 host‐guest	
interactions	 is	 a	 powerful	 tool	 to	 create	 non‐conventional	 materials.	 Thus,	
biodegradable	nanocapsules	with	 redox‐responsibility	were	 fabricated	with	
non‐covalent	 interactions	 between	 CD	 and	 ferrocene	 (Fc)/or	 CD	 and	
azobenzene	 (Azo)	 units.	 Different	 biocompatible	 polymers,	 dextran‐CD	
(CD‐Dex)	 and	 dextran‐ferrocene	 (Fc‐Dex),	 dextran‐CD	 (CD‐Dex)	 and	
dextran‐azobenzene	 (Azo‐Dex)	 were	 assembled	 in	 alternating	 way	 on	 gold	
nanoparticles	 of	 two	 different	 sizes	 (100	 and	 400	 nm).	 The	 gold	
nanoparticles	 were	 removed	 by	 chemical	 degradation	 and	 rhodamine	 B	
(RhB)	 was	 encapsulated	 inside	 the	 carriers	 as	 a	 model	 drug.	 The	
encapsulation	process	of	the	dye	molecules	was	accelerated	by	oxidation	step	
or	 by	 UV‐light	 of	 the	 nanocapsules	 wall,	 thus	 enabling	 easier	 and	 faster	
diffusion	 through	 the	 polymer	 layers.	 Confocal	 laser	 scanning	 microscopy	
(CLSM),	 scanning	 electron	 microscopy	 (SEM),	 atomic	 force	 microscopy	
(AFM),	RAMAN	spectroscopy,	UV‐spectroscopy	and	dynamic	light	scattering	




Nanoscience	 and	 nanotechnology	 as	 interdisciplinary	 fields	 are	 among	 the	
most	 dramatically	 developing	 areas	 in	 science	 and	 technology	 today.	 They	
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exhibit	 an	 extremely	 broad	 range	 of	 applications,	 from	 electronics	 to	
medicine,	 promising	 novel,	 dynamic	 and	 radical	 innovations	 in	 different	
industrial	sectors	and	spheres	of	human	life.	Well	controlled,	self‐assembly	of	
block	 co‐polymers	 may	 offer	 new	 possibilities	 and	 broaden	 the	 range	 of	
applications	 for	 biomedical	 and	biotechnological	 applications	 such	 as,	 drug	
delivery,1‐3	enzyme	immobilization,4	DNA	transfection5	or	biosensors.6,7		
The	 deposition	 of	 well‐defined	 and	 organized	 multilayers	 is	 crucial	 for	
building	polymeric	carriers,	especially	for	drug	delivery	applications.	In	this	
sense,	 the	 layer‐by‐layer	 technique	 (LbL)	 is	 a	 very	 successful	 and	 simple	
assembling	method	for	template‐mediated	fabrication	of	capsules	by	coating	
micrometer‐	 and	 submicrometre‐sized	 particles.	 The	 obtained	 micro‐	 or	
nano‐capsules	 show	 precise	 size	 and	 shape,	 where	 the	 thickness	 and	
composition	 of	 the	 wall	 can	 also	 be	 finely	 tuned.	 Thus,	 the	 core‐shell	




and	 “silent”	 adamantane	 groups	 allowed	 the	 creation	 of	 nanocapsule	
structures	 with	 sufficient	 permeability	 to	 encapsulate	 small	 molecules.	
Selectively	 tailored	 molecular	 assemblies	 and	 interfaces	 can	 provide	 a	
specific	 chemical	 function	 and	 structure	 and	 can	 change	 in	 their	
environment.	 For	 example,	 responsive	 polymer	 materials	 can	 adapt	 to	
surrounding	environments,	regulate	transport	of	ions	and	molecules,	change	
wettability	and	adhesion	of	different	species	on	external	stimuli,	or	convert	
chemical	 and	 biological	 signals	 into	 optical,	 electrical,	 thermal	 and	
mechanical	signals,	and	vice	versa.	Both	types	the	core‐forming	polymer	(in	
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micro‐	 and	 nanogels)	 and	 the	 shell‐forming	 polymer	 can	 show	 stimuli‐




and	 material	 scientists	 due	 to	 their	 switching	 and	 self‐healing	 properties.	
Invention	 of	 switching	 soft	 materials	 such	 as	 remotely	 actuated	
nanomaterials,	 artificial	 molecular	 muscles,	 controlled	 drug	 delivery	 and	
release	 systems,	 biosensors,	 smart	 and	 self‐healing	 coatings	 or	 shape	
memory	 materials	 was	 already	 reported	 in	 the	 literature	 by	 several	
independent	 research	 groups.	 As	 already	 explained,	 various	 stimuli‐
responsive	 nanomaterials	 can	 be	 triggered	 using	 different	 external	 stimuli	
such	 as	 change	 in	 temperature,	mechanical	 force,	 change	 in	pH,	 irradiation	
with	light,	enzymes	and	exposure	to	an	electrical	or	magnetic	field.8,	9		
However,	 creation	 of	 these	 multi‐functional	 soft	 materials	 is	 sometimes	
difficult	owing	to	their	sophisticated	design	and	synthetic	routes.	Despite	this	
fact,	a	number	of	research	groups	reported	materials	that	are	able	to	react	to	
external	 stimulant.	 Harada	 and	 coworkers	 described	 stimuli‐responsive	
supramolecular	 materials	 built	 from	 host	 and	 guest	 polymers.	 Due	 to	 the	
selective	 complementary	 interactions	 of	 such	 materials	 they	 can	 be	 easily	
tuned	switching	efficiencies	and	functions.	They	prepared	a	supramolecular	
hydrogel	with	CD	or	ferrocene	grafted	polyallylamine	polymers	that	form	an	
inclusion	 complex	 that	 undergo	 sol‐gel	 transition	 by	 applying	 a	 redox	
potential	 that	 generates	 a	 ferrocenium	 group	 that	 destabilize	 the	 inclusion	
complex.10	 These	 types	 of	 electric	 stimuli	materials	 have	 some	 advantages	
over	other	developed	materials	(e.g.	those	responsive	to	ultrasound,	light,	or	
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magnetic	 field),	 as	 electric	 signals	 are	 easy	 to	 generate	 and	 control.	 	 In	 the	
drug	 delivery	 applications	 there	 have	 been	 constant	 improvement	 in	 the	
formulation	of	transporting	vesicles	that	are	able	to	respond	to	one	or	even	
two	different	external	stimulus.	Ge	and	coworkers	described	a	 temperature	
and	 electric	 field	 dual‐stimulus	 responsive	 nanoparticle	 system.	 In	 their	




becomes	 a	 gel	 at	 body	 temperature.	 The	 drug	 release	 from	 the	 conductive	
nanoparticles	was	controlled	by	 the	application	of	a	weak,	 external	electric	
field.11	
Many	 other	 examples	 of	 various	 stimuli	 responsive	 systems	 for	 different	
applications	 exist	 with	 applications	 ranging	 from	 medicine	 to	 cosmetics.	
They	are	still	being	a	subject	of	investigation	to	improve	their	efficiency	and	
function.	 Furthermore,	 in	 a	 case	 of	 the	 biomedical	 field	 the	 biodegradable	
and	non‐toxic	models	are	crucial.		
In	 this	 chapter	we	 report	 the	design	and	characterization	of	 a	new	class	of	
stimuli‐responsive	hollow	nanocapsules	as	an	extension	of		the	nanoparticle‐
templated	host‐guest	strategy	described	in	Chapter	4.	The	inclusion	complex	
formed	 between	 two	 complementary	 polymers	 was	 regulated	 either	 by	
applying	 a	 redox	 potential	 or	 light.	 For	 this,	 two	 systems	 were	 employed	
using	 ferrocene	 or	 (E)‐4‐((tert‐butyl)phenyl)diazenyl)	 grafted	 dextran	
polymers	 (guest)	 and	 CD	 or	 CD	 grafted	 dextran	 polymer	 (host).	 All	
synthesized	polymers	were	water‐soluble	and	 the	supramolecular	LbL	self‐
assembly	of	the	nanocapsules	could	be	performed	in	aqueous	solutions,	thus	
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minimizing	 the	 use	 of	 organic	 solvents.	 Fluorescence	 labeled	 CD‐dextran	
polymers	were	also	 synthesized	 for	better	visualization	of	 the	 formation	of	












nanocapsules	 were	 determined	 by	 dynamic	 light	 scattering	 (DLS)	 using	 a	
Zetasizer	 Nano	 ZS	 (Model	 ZEN3500)	 from	 Malvern	 Instrument	 equipped	
with	 a	 He–Ne	 laser	 (=633	 nm,	 scattering	 angle	 173º).	 Each	 sample	 was	
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Raman	 spectra	 of	 nanocapsules	 were	 recorded	 at	 20ºC	 by	 means	 of	 a	
microprobe	setup	(Raman	Spectroscopy,	FT‐IR.	Renishaw).	Exciting	radiation	
at	785	nm	was	 focused	onto	 the	 sample	 spotted	on	Klarite	KLA‐312	gold	
coated	 glass	 substrates	 through	 a	 100×	 objective	 with	 NA	 =	 0.9.	 To	 avoid	
unwanted	 laser‐induced	 transformations,	 neutral	 filters	 of	 different	 optical	
densities	were	used,	whenever	necessary.		




repeated	 6	 times	 to	 check	 the	 reproducibility	 of	 the	 measurement	 and	 to	
minimize	the	noise	ratio	of	the	signals.		
Fluorescence	spectroscopy	
Fluorescence	 measurements	 were	 performed	 in	 a	 Cary	 Eclipse	
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JSM‐6400.	 AFM	 topographic	 images	were	 obtained	 in	 a	Molecular	 Imaging	
model	Pico	SPM	II	(Pico+)	microscope	in	tapping	mode.		
Electrochemical	Measurements	
Electrochemical	 measurements	 were	 conducted	 on	 an	 Autolab	 PGSTAT12	
potentiostat	using	a	three‐electrode	cell.	A	glassy	carbon	rod	was	used	as	the	
working	 electrode	 in	 combination	with	 a	 Ag/AgCl(sat)	 reference	 electrode	
and	a	Pt	wire	which	served	as	the	counter	electrode.	The	working	electrodes	






In	 the	 initial	 step,	 an	 aqueous	 suspension	 of	 gold	 nanoparticles	 (1	 mL,	 at	
different	sizes	40	nm,	100	nm	and	400	nm,	Aldrich)	was	added	to	an	aqueous	
solution	 of	 the	‐	 or	CDPSH	 polymers	 (1	mM).	 The	 reaction	mixture	was	
then	 vortexed	 immediately	 and	 incubated	 at	 4°C	 overnight,	 followed	 by	
centrifugation	at	14000	rpm	for	5	min.	Next,	the	supernatant	was	discarded	
and	the	was	sample	washed	two	times	in	water,	then	re‐suspended	in	water.	
The	 resulting	 solution	 of	 gold	 nanoparticles	with	CDPSH	 or	CDPSH	was	
added	dropwise	to	a	Fc‐Dex	or	Azo‐Dex	polymer	solution	(40	kDa,	1	mmol)	
and	incubated	for	another	8	hours.	The	reaction	mixture	was	then	purified	by	
centrifugation	and	 the	process	was	 repeated	with	 complementary	CD‐Dex	
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The	 encapsulation/release	 properties	 of	 the	 prepared	 nanocapsules	 were	
measured	using	 either	 rhodamine	B	or	Ru(NH3)6Cl3.	The	dye	or	 ruthenium	
solutions	(0.1	mM)	were	mixed	with	prepared	solutions	of	nanocapsules	and	
stirred	 for	 different	 times	 to	 allow	 the	 diffusion	 through	 the	 nanocapsule	
walls	 (with	 or	 without	 external	 stimulus)	 and	 thus	 measuring	 the	
encapsulation/release	efficiency.	After	the	encapsulation	step	was	completed	
the	remaining	“free”	molecules	were	purified	by	dialysis	(MWCO	5	kDa)	and	
checked	by	UV‐spectrophotometry.	After	 the	 release	processes	 the	 “empty”	
nanocapsules	were	also	purified	by	dialysis.		
For	 the	 Fc‐based	 nanocapsules	 the	 “open”	 and	 “close”	 stimuli	 consisted	 of	
applying	a	potential	of	+0.2	V	or	+0.0	V	vs.	Ag/AgCl,	respectively	for	1	min	in	
the	electrochemical	cell.		
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Figure	 5.1	 depicts	 the	 chemical	 structures	 of	 the	 host	 polymers	 (CD‐Dex,	
CD‐Dex)	 and	 guest	 polymers	 (Fc‐Dex,	 Azo‐Dex)	 used	 in	 this	 work.	
According	 to	 1H	 NMR	 spectroscopy,	 the	 DS	 of	‐	 and	 CD	 on	 the	 dextran	
polymer	 were	 19	 and	 23	 mol%	 respectively,	 while	 guest	 grafted	 dextran	
polymers	Fc‐Dex	and	Azo‐Dex	were	substituted	9	and	6	mol%,	respectively.	
This	means	that	a	2‐4	fold	excess	of	the	host	molecule	was	used	in	all	cases	in	






Figure	 5.2	 shows	 the	 strategy	 employed	 for	 the	 preparation	 of	 hollow	
nanocapsules.	 Gold	 nanoparticles	 were	 used	 as	 colloid	 templates	 for	 the	
fabrication	of	nanocapsules.	The	deposition	of	the	first	support	layer	for	the	
nanocapsule	 formation	 was	 done	 by	 mixing	 aqueous	 solutions	 of	 either	
thiolated	CD	polymer	(CDPSH)	or	 thiolated	CD	polymer	(CDPSH)	with	
100	 or	 400	nm	gold	nanospheres.	 The	 interactions	 between	 gold	 and	 thiol	
groups	 are	 those	 of	 covalent	 bond	 and	 surrounding	 cyclodextrins	
additionally	prevent	unwanted	aggregations	of	nanoparticles.12	
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Figure	 5.13.	 DPV	 voltammograms	 of	 Ru(NH3)63+	 encapsulated	 CDPSH/Fc‐Dex/CD‐Dex	
nanocapsules	(a)	and		0.1	mM	Ru(NH3)63+	in	solution.	Supporting	electrolyte:	0.1	M	KCl.	
	
To	 release	 the	 encapsulated	 ruthenium	 complex	 the	 oxidation/reduction	
process	 was	 repeated	 in	 similar	 conditions	 as	 for	 the	 encapsulation,	 the	
nanocapsules	were	 dialyzed	 and	 the	 content	 of	 the	 ruthenium	marker	was	
evaluated	 by	 cyclic	 voltammetry.	 As	 it	 can	 be	 seen	 on	 the	 cyclic	
voltamograms	 (Figure	 5.14)	 encapsulated	 ruthenium	 molecules	 were	
released	from	the	ferrocene	nanocapsules	after	oxidation	of	the	walls	due	to	
the	 breakage	 of	 the	 inclusion	 complex	 between	 Fc	 and	 CD	 molecules.	
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Figure	 5.14.	 Cyclic	 voltammograms	 of	 (a)	 dialyzed	 Ru(NH3)63+	 encapsulated	 Fc‐
nanocapsules,	 (b)	after	electrochemical	release	and	dialysis,	 (c)	supporting	electrolyte	(0.1	




Light	 responsive	 nanocapsules	 were	 based	 in	 the	 well‐known	 cis/trans	
isomerism	of	azo	compounds.	For	the	purposes	of	this	study	we	synthesized	
a	 4’‐derivative	 of	 4‐carboxyazobenzene	 bearing	 a	 bulky	 tert‐butyl	 group	 in	
order	 to	strengthen	the	complexation	 to	 the	cyclodextrin	cavities.	This	azo‐
compound	 was	 then	 linked	 to	 dextran	 as	 described	 in	 Chapter	 3	 (Figure	
5.15).		
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cis	 transition	can	help	to	maintain	the	 integrity	of	 the	capsule	wall	by	host‐
guest	 interactions,	 while	 the	 rest	 of	 the	 azi	 groups	 are	 responsible	 for	 its	
permeability.	In	contrast,	the	Azo‐Dex	polymer	in	solution	showed	an	almost	
complete	 photoinduced	 switch	 to	 cis	 form	 after	 exposition	 to	 UV‐light	 but,	
surprisingly,	 no	 reverse	 transition	 to	 the	 trans	 form	 was	 observed	 when	





Figure	5.20.	UV‐spectra	of	 light‐responsive	CD	nanocapsules	 (left)	 and	azo‐Dex	polymer	
(right)	 before	 (a)	 and	 after	 (b)	 irradiation	 at	 =365	 nm	 and	 after	 further	 exposure	 to	
ambient	light	(c).		
	
Encapsulation	 of	 rhodamine	 B	 on	 light‐responsive	 Azo‐Dex/CD‐Dex	
nanocapsules	
The	 encapsulation	 properties	 of	 the	 light	 responsive	 Azo‐Dex/CD‐Dex	
nanocapsules	were	also	studied	using	confocal	microscopy	using	rhodamine	
B	as	a	model.	Azo‐Dex/CD‐Dex	nanocapsules	were	irradiated	with	UV‐light	
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efficient	 with	 using	 UV‐light	 to	 “open”	 the	 nanocapsule	 walls.	 After	 the	
encapsulation	of	 the	dye	molecules	 the	nanocapsule	walls	were	 “closed”	by	
exposing	 them	 to	 the	 visible	 light	 and	 the	 fluorescence	 emission	 of	 the	
rhodamine	 B	 retained	 inside	 the	 nanocapsules	 after	 dialysis	 was	 then	
measured	(Figure	5.25,	top).	The	encapsulation	efficiency	was	also	measured	
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polymers	 bearing	 specific	 moieties	 (ferrocene	 and	 azobenzene)	 that	
reversibly	 change	 their	 chemical	 properties	 or	 structure	 upon	 stimulation	
such	as	charge	(from	neutral	 to	monopositive	 for	Fc)	or	geometry	(trans	 to	
cis	 for	 azobenzene).	 The	 reversible	 multipoint	 crosslinks	 between	 Fc‐
Dex/βCD‐Dex	or	Azo‐Dex/CD‐Dex	are	then	affected	by	the	stimulus	and,	in	
turn,	 alter	 the	 macroscopic	 properties	 (wall	 permeability)	 of	 the	
supramolecular	nanocapsules	by	an	on‐off	switching	at	the	microscopic	scale	
of	the	inclusion	complex.	The	external	stimuli	ease	the	encapsulation	process	
making	 it	 faster	and	more	efficient	 than	without	stimulus.	Thus,	we	believe	
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PREPARATION	 OF	 SOLUBLE	 CARBON	 NANO‐ONIONS	 BY	






with	 CD‐NH2.	 A	 biocompatibile	 dextran	 polymer	 was	 employed	 for	 the	
layer‐by‐layer	supramolecular	self‐assembly	on	the	CD‐CNOs	surfaces.	CD	
acts	 as	 a	 host	 molecule	 and	 ferrocene	 as	 a	 guest	 grafted	 into	 dextran	
backbone	 (Fc‐Dex)	 –	 for	 the	 formation	 of	 an	 inclusion	 complex.	 After	 their	
functionalization	 these	 nanostructures	 were	 soluble	 in	 aqueous	 solutions.	
The	 resulting	 product	 was	 characterized	 by	 transmission	 electron	
microscopy	 (TEM),	 thermogravimetric	 analysis	 (TGA),	 FT‐IR	 and	 RAMAN	
spectroscopies.	 Moreover,	 the	 deposition	 of	 the	 subsequent	 layers	 on	 the	
surface	 of	 the	 particles	 was	 monitored	 using	 DLS	 measurement	 and	 Zeta	
Potential.	Through‐space	interactions	between	the	Fc	moieties	and	the	CNOs	





field	 of	 carbon	 nanoscience	 has	 expanded	 considerably	 and	 gained	 large	
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ranging	 from	 material	 science	 to	 medicinal	 chemistry	 because	 of	 their	
electronic	properties	and	nanometer	dimensions.2	During	the	initial	stages	of	
fullerene	research	two	very	important	discoveries	were	made,	the	formation	
of	 carbon	 nanotubes	 (CNTs)	 and	 carbon	 nano‐onions	 (CNOs).3	 CNOs	 also	
known	 as	 multilayer	 fullerenes	 are	 built	 from	 concentric	 graphitic	 shells	
forming	 quasi‐spherical	 structures.	 Structurally	 CNOs	 can	 be	 considered	 as	
spherical	analogues	of	multiwalled	carbon	nanotubes.4	However,	CNOs	were	
discovered	 almost	 at	 the	 same	 time	 as	 CNTs,	 they	 have	 received	much	 less	
attention	to	date.		
In	1992	Ugarte	observed	CNOs	for	the	first	time	upon	strong	electron	beam	
irradiation	 of	 CNTs.	 The	manufacture	 of	 CNOs	has	not	 been	 carried	 out	 for	
many	 years	 since	 their	 observation	 and	 no	 more	 than	 13	 years	 ago	 the	
effective	production	of	CNOs	was	executed.	Since	that	time,	research	on	CNOs	
slowly	begun	 to	 attract	more	attention	among	different	 scientific	 groups	as	
they	could	be	prepared	more	efficiently	in	higher	yields.		





CNOs	 such	 as	 the	 double‐shelled	 C60@C240	 and	 the	 triple‐shelled	
C60@C240@C540.8,9	 Producing	CNOs	with	 few	 layers	 is	 desirable	 to	maximize	
the	 chance	 to	 modify	 them	 by	 chemical	 reaction,	 since	 a	 smaller‐radius	
particle	has	a	greater	surface	curvature,	and	thus,	higher	chemical	reactivity.3	
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Chemical	 functionalization	 of	 CNOs	 plays	 crucial	 role	 in	 their	 potential	
applications	 as	 they	 exhibit	 very	 low	 solubility	 or	 dispersity	 in	 most	 of	
organic	and/or	inorganic	solvents.	Thus,	surface	modification	of	CNOs	allows	
their	 segregation,	 and	 improves	 their	 solubility	 or	 dispersity.10	 Several	
methods	 have	 been	 reported	 for	 covalent	 functionalization	 of	 CNOs,	 for	
instance,	esterification,	amidation,3,4	oxidation	reactions	of	defects	with	nitric	
acid	 or	 mixture	 of	 sulfuric	 and	 nitric	 acids,10	 1,3‐dipolar	 cycloaddition	 of	
azomethine	azomethine	ylides,12,	 13	 [2+1]	Bingel–Hirsch	cyclopropanation,14	
polymerization,15	treatment	 with	 diazonium‐based	 compounds,16	 or		
fluorination.14,	17		
Non‐covalent	 functionalization	 of	 carbon	 nanomaterials	 also	 has	 been	
described	 in	the	 literature.	Harada	et	al.	reported	the	modification	of	single	
walled	 carbon	 nanotubes	 (SWNTs)	 by	 physical	 absorption	 of	 cyclodextrins	
with	 guest	 molecules	 and	 the	 formation	 host‐guest	 inclusion	 complexes	
significantly	improved	water	solubility	of	SWNTs.18		Although,	the	majority	of	
studies	 for	 the	non‐covalent	 or	 polymeric	modifications	 have	been	 focused	
on	 CNTs,	 CNOs	 are	 considered	 to	 be	 better	 candidates	 for	 these	 types	 of	




very	 limited.20,21	 Poly‐(4‐vinylpyridine‐co‐styrene)22,23	 (PVPS)	 and	 poly	
(ethyleneglycol)24‐27	 (PEG)	 have	 been	 frequently	 used	 for	 solubilization	 of	
carbon	nanostructures	in	non‐polar	or	polar	media.	Echegoyen	et	al.	recently	
reported	 modification	 of	 CNOs	 with	 biocompatible	 polymers	 for	 flavonoid	
incorporation,	what	can	be	very	promising	for	biosensing	and	drug	targeting	
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amount	 of	 research	 done	 towards	 different	 polymer	 functionalization	 of	
CNOs	 mainly	 for	 their	 solublization	 by	 constructing	 CNO‐based	
supramolecular	 systems,	 for	 example,	 by	 using	 complexation	 with	 metal	
ligands.	 Moreover,	 such	 structures	 may	 have	 potential	 applications	 in	 the	
ﬁeld	of	catalysis	and	hydrogen	storage.3,4		
In	 this	 work,	 we	 present	 the	 functionalization	 of	 the	 CNOs	 with	 ‐
cyclodextrin	 (CDs)	 and	 ferrocene	 grafted	 dextran	 polymers	 (Fc‐Dex)	





All	 chemicals	 and	 solvents	 used	 were	 commercially	 available	 and	 used	
without	 further	 purification.	 Water	 was	 purified	 by	 a	 Milli‐Q	 water	
purification	system	(Millipore)	 to	a	 resistivity	of	18.2	Mcm.	Commercially	
available	 nanodiamond	was	 purchased	 from	 Carbodeon	with	 a	 crystal	 size	
between	4‐7	nm.	The	 copper	grids	 for	TEM	were	bought	 from	TED	PELLA,	
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images	 were	 recorded	 using	 an	 FEI	 TecnaiTM	 transmission	 electron	
microscope.	The	accelerating	voltage	of	the	electron	beam	was	200	keV.	
Raman,	FT‐IR	and	absorption	spectroscopy	
Raman	measurements	 were	 performed	 using	 a	 SmartRaman	 spectrometer	
equipped	with	a	180	degree	sampling	holder	from	Thermo	Scientific	using	an	
excitation	wavelength	of	532	nm.	FT‐IR	spectra	were	recorded	using	a	Perkin	
Elmer	 100	 spectrometer	 with	 neat	 samples.	 Absorption	 studies	 were	
perfomed	 using	 a	 Cary	 5000	 UV‐NIR	 15	 spectrometer	 from	 Varian	 using	
fused	Quartz	glass	cuvettes	with	a	1	cm	optical	path.	
Thermogravimetric	analysis	
For	 TGA	 analysis	 a	 TGA/DSC	 analyzer	 from	 Mettler	 Toledo	 was	 used.	 A	





After	 separation	 and	 purification,	 CNOs	 were	 heated	 at	 200ºC	 under	 CO2	
conditions	 to	remove	the	amorphous	carbon	residue	 from	the	CNO	surface.	
High‐resolution	 transmission	electron	microscopy	 images	of	 the	CNOs	have	
been	reported	elsewhere.14	
Oxidation	of	CNOs	(ox‐CNOs)	
20	mg	 of	 crude	 6–12	 shell	 CNOs	were	 dispersed	 by	 ultrasonication	 for	 30	
min	 and	 then	 treated	with	 a	 sulfuric	 acid/nitric	 acid	 solvent	mixture	 (3:1,	
v/v)	 for	 3	 h.	 	 During	 this	 process	 the	 defective	 sites	 on	 their	 surface	were	
UNIVERSITAT ROVIRA I VIRGILI 
SUPRAMOLECULAR NANOARCHITECTURES BASED ON CYCLODEXTRIN HOST-GUEST INTERACTIONS 









transformed	 into	 carboxyl	 groups	 by	 oxidation.	 The	 mixture	 was	 then	
centrifuged	for	20	min,	and	the	black	powder	collected	at	the	bottom	of	the	
test	tube	and	washed	several	times	with	0.1	M	NaOH	and	Mili‐Q	water	until	










of	 0.45	mmol	 aqueous	 solution	 of	 ferrocene	dextran	polymer	 (Fc‐Dex)	 and	




Electrochemical	 measurements	 were	 conducted	 on	 a	 CHI‐660	
electrochemical	workstation	by	using	a	three‐electrode	cell.	A	glassy	carbon	
rod	 was	 used	 as	 the	 working	 electrode	 in	 combination	 with	 a	 Ag/Ag+	
pseudoreference	 electrode	 and	 a	 Pt	 wire	 which	 served	 as	 the	 counter	
electrode.	 The	 working	 electrodes	 were	 polished	 with	 a	 diamond	 slurry,	
sonicated	 in	 water	 and	 checked	 for	 cleanness	 with	 1	 mM	 potassium	
ferricyanide	in	0.1	M	KCl.		
UNIVERSITAT ROVIRA I VIRGILI 
SUPRAMOLECULAR NANOARCHITECTURES BASED ON CYCLODEXTRIN HOST-GUEST INTERACTIONS 



































































































































































































































































































































UNIVERSITAT ROVIRA I VIRGILI 
SUPRAMOLECULAR NANOARCHITECTURES BASED ON CYCLODEXTRIN HOST-GUEST INTERACTIONS 









The	 first	 evidence	 for	 the	 functionalization	 of	 CNOs	 was	 provided	 by	
thermogravimetric	analysis	measurements	(TGA).	In	order	to	determine	the	
degree	 of	 functionalization	 of	 the	 functionalized	 CNOs‐CD/Fc‐Dex,	 TGA	
studies	were	conducted	under	an	inert	atmosphere	from	30	°C	until	1000	°C	
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 Oxidized	 CNOs	 (ox‐CNOs)	 exhibit	 two	 different	 thermal	 stages	 for	 a	
total	mass	 of	 loss	 15%,	 at	 175	 °C,	 corresponding	 to	 the	 loss	 of	 organic	
material	 (carboxylic	 groups)	 from	 the	 surface	 of	 the	 CNOs	 and	 final	
decomposition	of	the	CNOs	at	575	°C.	




 Fully	 modified	 CNOs	 (CNOs‐CD‐Fc‐Dex)	 demonstrate	 four	 different	




the	 insertion	 of	 “structural	 defects”	 upon	 functionalization,	 as	 observed	
for	carbon	nanotubes.28	
	
Raman	 spectroscopy	 is	 one	 of	 the	 most	 powerful	 methods	 for	 the	
characterization	of	CNOs,	providing	unambiguous	information	about	the	size	
and	the	degree	of	functionalization	of	the	CNOs	by	comparison	of	the	relative	





0.8,	 but	 CNOs	 obtained	 by	 annealing	 of	 nanodiamond	 particles	 (1650	 °C)	
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with	 an	 ID/IG	 ratio	 of	 1.4,	 depending	 on	 the	 crystal	 size	 of	 the	 carbon	




G‐band	 at	 1577	 cm−1.	 In	 contrast,	 the	 D	 and	 G	 bands	 for	 the	 oxidized	 and	
modified	CNOs	are	shifted	and	noticeably	broadened.	The	D‐band	is	related	
to	the	disorder	of	 the	graphite	 lattice29,30	and	the	broad	G‐band	assigned	to	
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Moreover,	 zeta	 potential	 measurements	 revealed	 changes	 in	 potentials	
before	and	after	functionalization	of	CNOs,	from	‐40	mV	for	the	ox‐CNOs,	‐30	




Figure	 6.7	 UV‐spectra	 of	 CNOs‐CD	 (0.22	 μm	 filter)	 (a),	 CNOs‐CD	 (0.45	 μm	 filter)	 (b),	
CNOs‐CD/Fc‐Dex	(0.22	μm	filter)	(c),		CNOs‐CD/Fc‐Dex	(0.45	μm	filter)	(d).	
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Figure	 6.8	 Zeta	 potential	 changes	 for	 ox‐CNOs	 (red	 bar),	 CNOs‐CD	 (pink	 bar),	 CNOs‐
CD/Fc‐Dex	(orange	bars).	
	
The	 soluble	 CNOs‐CD/Fc‐Dex	 particles	 were	 further	 characterized	 by	
electrochemical	 techniques.	 In	most	voltammetric	 techniques	such	as	cyclic	
voltammetry	 and	 square	 wave	 voltammetry	 the	 intensity	 of	 the	 current	
signal	 depends	 on	 the	 diffusion	 coefficients	 (D)	 of	 the	 diffusing	 species,	
among	 other	 factors	 such	 as	 concentration	 and	 electrode	 area.	 Since	
ferrocene	 is	 electrochemically	 active	 and	 is	 known	 to	 form	 inclusion	
complexes	 with	 CD,	 it	 is	 possible	 to	 study	 the	 interaction	 of	 the	 outer	
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On	 the	 other	 hand,	 the	 Randles‐Sevcik	 equation	 for	 cyclic	 voltammetry	
relates	the	peak	current	with	D	at	298	K	according	to:	
ip	=	268600	n3/2	A	c	v1/2	D1/2	
where	A	 is	the	area	of	the	electrode,	c	 is	the	concentration	and	v	 is	the	scan	
rate.	Using	the	calculated	value	of	D	the	estimated	peak	current	is	0.07	A	for	
a	 100	 M	 solution	 at	 200	 mV/s,	 which	 is	 close	 to	 the	 experimental	 value	
observed	 from	 the	 cyclic	 voltammogram.	 This	 justifies	 the	 low	 currents	
observed	by	cyclic	voltammetry.		
	
Figure	6.10	 Cyclic	 (top)	and	 square	wave	voltammograms	 (bottom)	 for	 the	 interaction	of	
CNOs‐CD/Fc‐Dex	particles	with	a	dextran‐CD	polymer.	
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In	 summary,	 the	oxidation	and	modification	of	CNOs	with	CDs	 resulted	 in	
solublizing	CNOs	and	 further	 constructing	CNO‐based	 supramolecular	nano	
systems	by	 complexation	with	Fc‐Dex	polymer	 significantly	 increased	 their	
solubility	 even	 more.	 This	 solubility	 increase	 was	 possibly	 due	 to	 the	
formation	 of	 the	 inclusion	 complexes	 between	 Fc	 and	 CD	 moieties	
appended	 in	 a	 highly	 hydrophilic	 dextran	 polymer.	 Additionally,	 after	
filtration	of	CNOs	 through	0.45	or	0.22	m	PVDF	 filters	 resulted	 in	 smaller	
and	 more	 homogenous	 nanoparticles.	 Thus,	 the	 supramolecular	 strategy	
presented	in	this	Chapter	for	CNOs	solubulization	opens	the	possibility	for	a	
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of	 intense	 interest,	 with	 host‐guest	 supramolecular	 interactions	 being	
particularly	attractive	in	the	formation	of	capsules.	Numerous	methods	have	
been	reported	for	the	preparation	of	nano‐	or	microcapsules,	many	of	which,	
in	 addition	 to	 requiring	 time‐consuming	 preparative	 steps	 and	 the	 use	 of	
organic	 solvents,	 result	 in	 heterogeneous	 capsules	 populations	 of	
uncontrolled	size.	
	











polymeric	 nanocapsules	 that	 can	 be	 performed	 in	 a	 simple	 medium	 like	
water,	 where	 there	 is	 no	 need	 for	 the	 addition	 of	 any	 other	 solvents	 or	
stabilizing	agents.	Moreover,	the	requirement	for	use	of	the	templates	has	its	
advantage	over	the	size	control	and	uniformity	of	the	created	capsules,	which	
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could	 range	 from	nano‐	 to	microscale.	 Additionally,	 the	 proposed	model	 of	




biomolecular	 receptors	 could	 also	 be	 used	 for	 targeted	 drug	 delivery	 or	 in	
biosensing	applications.	
Furthermore,	other	types	of	guest	molecules	with	specific	properties	such	as	
ferrocene	 or	 azo‐compounds	 were	 employed	 for	 the	 capsules	 preparation.	
They	 can	 form	 more	 intelligent	 stimuli‐responsive	 nanocapsules	 by	 using	
dextran	 polymer	 as	 a	main	 chain	with	 a	 sufficient	 length	 and	 an	 adequate	
number	 of	 guest	 molecules	 to	 generate	 reversible	 multipoint	 crosslinks	
between	Fc‐Dex/βCD‐Dex	or	Azo‐Dex/CD‐Dex.	A	redox	reaction	or	UV‐light	
alters	 the	morphology	of	a	 supramolecular	nanocapsules	by	controlling	 the	
formation	 of	 an	 inclusion	 complex.	 The	 external	 stimuli	 ease	 the	
encapsulation	 process	 making	 it	 faster	 and	 more	 efficient	 than	 without	
stimulus.	
	
The	 last	 part	 of	 the	 thesis	 covered	 the	 oxidation	 and	modification	 of	 CNOs	
with	CDs	resulted	in	solublizing	CNOs	and	further	constructing	CNO‐based	
supramolecular	 nano	 systems	 by	 complexation	 with	 Fc‐Dex	 polymer	
significantly	 increased	 their	 solubility	 even	 more.	 This	 solubility	 increase	
was	possibly	due	to	the	formation	of	the	inclusion	complexes	between	Fc	and	
CD	 and	moieties	 and	 application	 of	 ultrafiltration	 resulted	 in	 smaller	 and	
more	homogenous	nanoparticles.	
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the	 synthesized	 host‐guest	 polymers	 for	 the	 design	 of	 novel	
supramolecular	architectures	with	interesting	properties.	
	
III. Examination	of	 the	 influence	 of	 different	 polymers	with	n‐deposited	
layers	 on	 the	 CNOs	 surface	 vs	 their	 solubility;	 modification	 of	 the	
outer	 layer	 with	 biomolecules	 (e.g.	 antibodies)	 for	 the	 biosensor	
development.		
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